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Abstract

The low recovery of oil from the tight liquid-rich formations is still a main challenge for
the tight reservoir. Thus, in order to break the chains and remove the obstacle such as the
low recovery factor in the Bakken tight formation, even though the horizontal drilling and
hydraulic fracturing technologies were already well applied in this field, the supercritical
CO2 flooding was proposed as an immense potential recovery method for the production
improvement.
In this research, we conducted a series of CO2 flooding experiments under various
injection pressure (2500psi, 2800psi, 3000psi, 3500psi), to investigate the recovery
potential of the core sample from Bakken tight formation. Also, the NMR analysis was
processed of the core samples flooded with CO2 agent under the above injection pressure
variables. The result comparison demonstrates that, with the supercritical CO2 injection
pressure increase, the recovery factor gets incremental trend from 8.8% up to 33%
recovery. Also, the macro pore and natural fracture system were proved to contribute
more on the recovery potential. After reaching the miscible phase between the CO2 and
oil in the sample, the hydrocarbon existed in the micro pores start the contribution to the
recovery potential. Thus, The CO2 was identified as a potential recovery agent and the
supercritical CO2 EOR method was proposed as the potential recovery technology due to
the high recovery factor obtained in the immiscible and miscible processes.
Up to date, rare study was put forward to account for the formation properties variation
during the CO2 EOR process, especially the investigation at the micro-scale. This work
conducted a series of measurements to evaluate the rock mechanical change, mineral
xi

alteration and the pore structure properties variation through the supercritical CO2 (ScCO2) injection process. Corresponding to the time variation (0 days, 10 days, 20 days, 30
days and 40 days), the rock mechanical properties were analyzed properly through the
nano-indentation test, and the mineralogical alterations were quantified through the XRay diffraction (XRD). In addition, pore structures of the samples were measured
through the low-temperature N2 adsorption tests. The results showed that, after Sc-CO2
injection, Young’s modulus of the samples decreases. The nitrogen adsorption results
demonstrated that, after the CO2 injection, the mesopore volume of the sample changes as
well as the specific surface area (BET) which rises from the chemical reactions between
the CO2 and some authigenic minerals. XRD analysis results also indicated that
mesopores were altered due to the chemical reaction between the injected Sc-CO2 and the
minerals.
Also, with existence of the natural fracture and the hydraulic fracture in the Bakken
formation, it becomes more and more crucial to quantify the fracture system precisely
and reconstruct the structure system in order to identify the preferential flow channels for
the fluid flow, such as figuring out the domain pass way of the supercritical CO2. Up to
date, the imaging technologies for the fracture quantization and reconstruction of the tight
rock is still challenged by the ineffective segmentation, thus significantly influence the
fracture properties calculation, including the porosity, aperture, openness, etc.
In this research, a novel image processing method was proposed and certificated. By
definition, the multi-stage image segmentation (MSS) method can separate the fracture
system from the background by combining the global information and local information
of the X- ray CT image. Through employing the entropy function and indicator kriging

xii

method, the generated three-dimensional model overcome the over– and in-sufficient
segmentation due to the tiny fracture apertures and could provide visualization of the
fracture systems existing in the core. Also, the important parameters of the fractures can
be obtained, including aperture, length, tortuosity, and porosity. All the obtained
parameters are beneficial to fracture identification during the CO2 EOR process in the
Bakken tight formation.

xiii

1. Chapter I
INTRODUCTION

1-1. Motivations
With the energy market booming and customer demand in the world, especially the
urgent requirement to fulfill the economic development from China and India, oil and gas
industry plays a vital role in the energy supply for the industrialization. Although the
petroleum company and research institute continuous work on the oil production
improvement and new reservoir exploration[1-3], the primary oil recovery factor was still
limited by many elements. Thus then, many recovery methods, including water flooding,
gas flooding, polymer flooding, et al, were properly applied in the petroleum industry[4-6].
Standing out of those recovery methods, the utilization of super-critical CO2 as an agent
to improve the oil production and enhance oil recovery was attracted more and more
attentions in all senses[7-8].
US tight oils including the Bakken reservoir, the Eagle Ford reservoir and the Niobrara
reservoir, which was shown in Fig. 1, contain billions of barrels of crude oil[9]. The
enormous development potential of tight oil has a continuing and widespread impact on
the US energy resource structure. Especially, the tight formation of the Bakken reservoir
is an important part of the US tight oil. The breakthrough of multi-stage hydraulic
fracturing technology is the key to the successful development of the Bakken reservoir.
However, the primary recovery rate in the region is still limited by 10% or less, which
means that the area has a great potential for enhanced oil recovery in tight reservoirs[10-11].
Generally, the permeability of the Bakken formation is around 0.005md and porosity is
around 7%. Thus, the compactness of the reservoir determines the advanced hydraulic
1

fracturing technology required for the development of the Bakken reservoir. In addition,
it has become an actively explored content for the domestic and foreign researchers and
scholars by gas injection for oil production.

Figure 1 Current shale plays in North America

In tight reservoirs with very low permeability, the development of tight oil by carbon
dioxide injection is probably the most effective method for enhancing oil recovery.
Previous studies[12-14] have shown that the factors that contribute to the improvement of
oil recovery during the contact between carbon dioxide and tight oil include reducing the
viscosity of crude oil, improving the mobility ratio of crude oil to water, reducing the
interfacial tension between oil and water, volume expansion of crude oil, and light
components extraction effect, molecular diffusion, dissolved gas flooding, miscible phase
effects, and improved formation permeability.

2

The paper will focus on the positive effects of carbon dioxide on enhanced oil recovery in
the region. Meanwhile, a novel image processing method was proposed and certificated
in order to identify and reconstruct the fractures existed in the formation. Also, the
formation alterations due to the carbon dioxide injection process were also investigated.

1-2 Dissertation Outline
Following this introductory chapter, Chapter 2 is a review of the Bakken Formation. It
firstly provides an overview of the geology and the production history of the Bakken
Formation. Then the CO2 EOR technology and history were introduced in detail. Finally
the mechanism of the CO2 EOR method was also investigated and discussed.
Chapter 3 details the proposed image process method for the fracture system
reconstruction of the sample from the Bakken Formation. This Chapter discussed the
methodology and theory applied on the multi-stage image segmentation (MSS) method.
Chapter 4 conducted the laboratory work of the CO2 flooding process under varied
injection pressure, Also the NMR analysis of the samples were carried out. In this chapter,
the recovery potential and the potential recovery mechanism were investigated.
Chapter 5 discussed the formation properties variation during the CO2 EOR process,
especially the investigation at the micro-scale, from the scope of rock mechanical change,
mineral alteration and the pore structure properties variation.

3

Chapter II
Background Review

This chapter investigated the background information of the CO2 EOR technology in the
tight Bakken formation, which including: 1) the geological background of the Bakken
formation, 2) the reservoir characteristics of this formation, 3) CO2 basic properties,
4)CO2 enhanced oil recovery history, and 5) Mechanisms of the CO2 EOR.

2-1. Geological Background
The Williston Basin, which centered at Williston area, North Dakota and extended to
eastern Montana, northeastern South Dakota, southeastern Saskatchewan and a small
section of southwestern Manitoba, is an oval-shaped structure with a surface area
between 120,000 and 240,000 square miles

[15]

. The Bakken Formation is located in the

deep part of Williston Basin (Fig. 2), which contains the excellent petroleum sourcerock[16].

Figure 2 Bakken Shale Play
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The Bakken Formation is a thin (maximum thickness 145 ft), naturally fractured Upper
Devonian-Lower Mississippian sedimentary unit. It can be divided into three intervals:
the upper shale layer, the lithologically variable middle member which includes the
dolomite and shale, and the lower shale zone

[17]

. The upper and lower shales have rich

organic content and are the source rocks for oil and gas in the Bakken Formation. The
middle Bakken is the main target zone for the oil production (Fig. 3)[18]. The Bakken
formation was estimated to contain an enormous amount of oil, estimated from 200 to
400 billion barrels. Although the Bakken Formation is very thin compared to other oil
producing horizons, it has recently attracted much attention because its extremely high
carbon content places it among the richest hydrocarbon source rocks in the world.

Figure 3 Bakken Formation Lithology

5

A report from the U.S. Energy Information Administration[19] shows that the production
of shale tight oil has increased rapidly over the past 15 years (Figure 4). Figure 5 shows
the changes in production in the Bakken reservoir over the past 60 years[20]. Although
because of science and technology update and other factors, the annual oil production of
the Bakken reservoir and the average daily output of the single well have varying degrees
of fluctuation, but the overall output is constantly following the rising trend.

Figure 4 Monthly crude oil production of tight formation in U.S.
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Figure 5 Crude oil production trend in North Dakota

2-2. Reservoir properties
In this section, the general reservoir characteristics of the Bakken formation was
reviewed and listed as below.
1) Rock Wettability
Understanding the wettability of reservoir rocks is critical to studying how to improve oil
recovery. Kurtoglu et al.

[21]

selected the core of the Middle Bakken formation for rock

wettability testing, and the test set included a device with sealing properties (Fig. 6(a)).
The selected core is sealed in paraffin to avoid rock contact with air. Gloves are used in
the sealing device during the experimental operation. The selected three cores were tested
for the wettability of Bakken dead oil, Bakken formation water, diluted to 5% formation
water and soda water with a pH of 9.2. A small amount of each liquid selected during the
7

test was placed on the core surface. The test results show (Fig. 6(b)) that the core is in
rapid contact with the dead oil and wets the dead oil, while the core has limited wetting
effect on the other three liquids. This indicates that the Middle Bakken core is oil-wet,
and experiments have shown that low salinity or alkaline liquids cannot transform the
wettability of the rock.

(a)

(b)
Figure 6 Wettability experiment of the Middle Bakken samples
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2) Porosity-Permeability
Studying the porosity-permeability relationship of rocks is critical to the construction of
wells and the subsequent increase in crude oil production. Generally, the porosity of the
middle Bakken formation is around 7% and the permeability is around 0.005md. The
correspondence relationship between porosity and permeability is particularly critical for
establishing the more accurate heterogeneity geological models to study the production of
Bakken reservoirs. Kegang Ling Et al.

[22]

tested the porosity and permeability of 240

samples in the Bakken reservoir and obtained the empirical relationship in the Bakken
area after regression.
The empirical relationship of pore seepage without crack core was shown in Fig. 7:

Figure 7 Relationship between permeability and porosity, without fracture.

The empirical relationship of pore seepage with crack core was shown in Fig. 8:

9

Figure 8 Relationship between permeability and porosity, with fracture.

3)Fluid properties
Bakken oil is being produced from fields in northwest North Dakota and northeast
Montana in the United States, as well as Manitoba and Saskatchewan in Canada. The
map below reveals the area of production.

Figure 9 Production area in Bakken formation[23]
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Bakken oil, or Bakken crude, is also known as “North Dakota Sweet,” or “North Dakota
Light” crude oil, due to its low sulfur content and higher concentrations of light end
hydrocarbons. Bakken crude is a light sweet crude oil with an API gravity generally
between 40° and 43° and a sulfur content is below 0.2%. Table 10 shows the composition
of the oil sample from the Bakken formation.

2-3. CO2 properties
Under standard conditions (pressure 0.1 MPa, temperature 273.2 K), carbon dioxide is a
gaseous state. Gas carbon dioxide density is 0.08~0.1kg/m3, viscosity is 0.02 ~
0.08mPa · s; in liquid state carbon dioxide density is 0.5~0.9kg/m3, the viscosity is 0.05
to 0.1 mPa·s (Table 1). But when the temperature is lower than 40 ℃, and the pressure
exceeds 15 MPa, the density of carbon dioxide in different phases (liquid and gaseous) is
about 0.6~0.8t/m3. The density of the two phases is not much different. The critical
pressure of carbon dioxide is 7.28MPa, the critical temperature is 304.2K (absolute
temperature), and when the temperature exceeds 304.2K, regardless of the pressure,
carbon dioxide is in a gaseous state.
Table 1 Basic properties of CO2
Gas phase

Liquid Phase

Density, kg/m3

Viscosity, mPa*S

Density,kg/m3

Viscosity,mPa*S

0.08

0.02-0.08

0.5-0.9

0.05-0.1

Citical Temp. K

304.2

Critical Pressure, MPa

7.28

11

Figure 10 Phase diagram of CO2[24]

When carbon dioxide is compatible with water, it is affected by pressure and temperature.
When the pressure rises, the solubility increases and the temperature increases. When the
temperature is increased, the solubility is lowered. The solubility of carbon dioxide in
water is also affected by the salinity of the formation water. The higher the salinity of the
water, the lower the solubility of carbon dioxide in water. Carbon dioxide forms carbon
when it is compatible with water acid. Carbonic acid has a dissolution effect on the
cement in the rock matrix, so the formation permeability can be improved. Carbon
dioxide dissolved in formation water can increase the permeability of sandstone
formation by 5% to 15%, and can improve the permeability of dolomite formation 6% to
75%. Due to the presence of carbon dioxide, the expansion of mudstone is inhibited. The
solubility of the carbon dioxide in crude oil is better than that not only in water but also in
methane. The solubility in crude oil is also higher, and its solubility is proportional to the
molecular weight of crude oil. Compared to other injection fluids (water, nitrogen,
methane, etc.), carbon dioxide and crude oil can be mixed at lower pressures. As the
pressure rises, the carbon dioxide phase behavior is closer to the liquid. The density of
12

carbon dioxide increases significantly, and the density difference between CO2 and crude
oil decreases, which can minimize the influence of gravity differentiation and effectively
improve the sweep efficiency of the reservoir. The viscosity of carbon dioxide also
increases rapidly with the increase of pressure, which improves the fluidity control of
carbon dioxide and effectively controls the breakthrough time when carbon dioxide is in
contact with crude oil. When the local pressure is higher than the minimum miscibility
pressure, carbon dioxide and the crude oil are mixed to form a single-phase mixture.
After the miscible phase, the viscosity of the crude oil can be significantly reduced, and
the volume of the crude oil also expands to some extent. The mixed phase pressure of
carbon dioxide and crude oil is related to the original property. The mixed phase pressure
of high viscosity heavy crude oil is large, and the mixed phase pressure of light and low
viscosity crude oil is small.

2-4. CO2 EOR History
Injecting carbon dioxide is classified by displacement method, and the predecessors
mainly divide carbon dioxide injection into non-miscible displacement and miscible
displacement.
immiscible phase
Palmer et al.

[25]

believe that carbon dioxide firstly replaces water after entering the

reservoir. During the movement, carbon dioxide is in heavy contact with crude oil
because carbon dioxide has quickly saturated the water. Carbon dioxide causes expansion
of the crude oil, a decrease in viscosity, and a decrease in interfacial tension that causes
the crude oil to exist within the pores. It is precisely because of the reduced interfacial
tension of the crude oil in the bound pores that water can displace these crude oils.
13

Dryer et al. [26] showed that there are three main reasons for the mixing of carbon dioxide
and crude oil. It is the solubility of carbon dioxide, the diffusion of carbon dioxide, and
the dispersive force between molecules. The large amount of carbon dioxide dissolved in
crude oil is an important basis for the two to mix; in the small pore, the diffusion of
carbon dioxide helps the gas to penetrate into the crude oil, allowing more carbon dioxide
to reach the crude oil; the inter-molecular dispersion force is even more multi-function in
porous media.
Ghaderi et al.

[27]

studied the alternate injection of immiscible carbon dioxide and water

under low pressure conditions. It is pointed out that the viscosity of carbon dioxide is
reduced after it is dissolved in crude oil, and the carbonated water reacts with the oil to
form a narrow emulsion band, which can help stabilize the displacement front. The
viscosity reduction and expansion of the crude oil helps to improve the oil-water flow
ratio, which in turn ultimately improves oil recovery.
Mangalsingh et al. [28] considered that there is mainly a decrease in the viscosity of crude
oil in immiscible carbon dioxide flooding. The more expansion of crude oil, the more
decrease of interfacial tension, and the dissolution of gas. Studies have shown that carbon
dioxide chemical bonds and nitrogen-based polar compounds can reduce the interfacial
tension between oil and water, improve the fluidity of crude oil, and help to improve oil
recovery. Carbon dioxide stores a certain amount of energy in the process of dissolving it
in crude oil. When it is driven by gas, it is released and can effectively displace crude oil.
Lu et al.

[29]

suggested that when the carbon dioxide mixed phase pressure is higher than

the reservoir pressure, the carbon dioxide immiscible flooding in the heavy oil reservoir
can improve the oil recovery. The main oil displacement mechanisms involved in carbon
14

dioxide non-miscible phase include reducing the viscosity of crude oil, improving the
fluidity ratio of crude oil to water, swelling of crude oil, molecular diffusion, dissolved
gas flooding, increasing permeability, acidizing and reduced the plugging.
miscible phase
Stalkup et al.

[30]

summarized the carbon dioxide miscible flooding. Carbon dioxide is

dissolved in crude oil. During the process, the hydrocarbons in the crude oil are extracted
or vaporized, so that the displacement front is enriched and mixed with the crude oil
under a sufficiently high pressure. The continuous contact of the crude oil with carbon
dioxide causes the crude oil component to transform to the conditions of the miscible
phase. The pressure required for carbon dioxide miscible is generally lower than methane,
flue gas and nitrogen. The higher recovery factor benefits from the enriched carbon
dioxide, the extremely low interfacial tension between the carbon dioxide and crude oil,
the evaporation of the hydrocarbon components, the decrease in viscosity and the
expansion of the crude oil.
Bou-Mikael et al.

[31]

found in the absence of water, whether it is a single-phase mixed

phase or multiple contact with the mixed phase, carbon dioxide can effectively displace
crude oil. In the three-stage phase, high water saturation limits the contact of carbon
dioxide with crude oil. Since carbon dioxide does not effectively displace water, low
viscosity carbon dioxide makes water saturated. Carbon dioxide can be exposed to
isolated oil droplets by diffusion, causing these oil droplets to expand and re-establish
connections.

15

Shyeh-Yung et al.

[32]

argue that carbon dioxide enhances oil recovery by two important

mechanisms: The carbon dioxide body under low interfacial tension, and the second is
the extraction of crude oil components. The low interfacial tension between carbon
dioxide and crude oil before gas breakthrough is conducive to gas displacement of crude
oil; after gas breakthrough, the extraction of crude oil by carbon dioxide controls the
effect of enhanced oil recovery.
Li [33] believes that due to the extraction of C2 to C5 type hydrocarbons during the contact
of methane with crude oil, in order to achieve the miscible phase, the pressure at which
the methane and the crude oil reach a dynamic miscible phase is higher than the pressure
at which the carbon dioxide and the crude oil reach a dynamic miscible phase. Carbon
dioxide can extract higher molecular weight hydrocarbons from crude oil than methane.
In fact, the development of carbon dioxide as a dynamic miscible does not require
intermediate molecular weight hydrocarbons in the reservoir fluid, and such a wide range
of hydrocarbons are extracted from the crude oil of the reservoir, often with dynamic
mixing at moderate pressures.
Arshad et al.

[34]

conducted a case study of carbon dioxide miscible flooding in tight

reservoirs, arguing that low boundaries surface tension, viscosity reduction, crude oil
expansion, reservoir permeability improvement, dissolved gas flooding, oil and water
density changes, etc. are the reasons for obtaining high oil recovery from carbon dioxide
miscible flooding. The interfacial tension between the mixed-phase leading carbon
dioxide and the crude oil is almost zero, and the capillary pressure of the bound crude oil
in the rock actually disappears.
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Zhang et al.

[35]

conducted a carbon dioxide miscible displacement test on the Taizhou

Formation reservoir in the Caoshe Oilfield in the Subei Basin. Through the carbon
dioxide flooding technology, which switch the water flooding to the carbon dioxide
flooding, makes the oil production in the oil field stable and rising, the water content
decreases, and the injection pressure is reduced, which can significantly improve the
recovery rate of the Caoshe oilfield. After the water flooding, the carbon dioxide was
injected into the reservoir, and the final recovery rate of the obtained oil reservoir reached
86.13%. The enhanced oil recovery effect obtained by injecting carbon dioxide into the
reservoir was about two time better than that of the water flooding.
Xu Yang [36] studied the enhanced oil recovery of carbon dioxide miscible phase in lowpermeability reservoirs. It is believed that the viscosity of crude oil will be reduced to
some extent after the carbon dioxide and crude oil are miscible, and the volume of crude
oil will expand. Carbon dioxide can extract the light component in crude oil, and crude
oil and carbon dioxide mixed phase can also reduce the interfacial tension. The factors
which may influence the miscible process include temperature, composition of the crude
oil in the reservoir, composition of the injected fluid, and injection pressure.
Chen et al.

[37]

used a thin tube experiment to simulate the phase state experiment of

carbon dioxide injection in a specific reservoir to study the dynamic mass transfer
process between carbon dioxide and crude oil in the component model to understand the
dynamic mixed phase flooding process of carbon dioxide. The study believes that carbon
dioxide can extract the inter-hydrocarbons from crude oil during contact with crude oil.
Some of the heavy hydrocarbons above C19+ was also extracted. Carbon dioxide and
crude oil were mixed at the leading edge of the transition zone. As the amount of carbon
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dioxide injected increasing, the miscible phase zone becomes longer and then increases
the sweeping area of carbon dioxide, which is beneficial to improve the efficiency of oil
displacement. Due to the increase in injection pressure, the amount of carbon dioxide
dissolved in crude oil is increasing, so that the viscosity of the crude oil is lowered, and
the interfacial tension tends to zero. However, after the carbon dioxide and crude oil are
mixed, increasing the pressure will not have impact on the recovery of crude oil
significantly.
Currently, carbon dioxide miscible flooding is attracting more and more attentions from
academic and industry. Carbon dioxide has the same low viscosity as the hydrocarbon
miscible solvent. As with hydrocarbon miscible flooding, the volumetric sweep
efficiency of carbon dioxide miscible flooding is affected by the unfavorable viscosity
ratio. In many oil reservoirs, the density of carbon dioxide is similar to that of crude oil,
thereby reducing the gravity separation of carbon dioxide from crude oil, but when there
is flowable brine in the reservoir, its density difference with brine is sufficient to generate
gravity separation. Despite its low viscosity, carbon dioxide is still an attractive injection
fluid. Carbon dioxide requires a lower injection pressure, which results in dynamic
miscibility in many reservoirs, which is one of the factors that consider carbon dioxide
injection in tight reservoirs. In addition, for miscible flooding, the supply and cost of
carbon dioxide will be more favorable in the future than hydrocarbon-miscible solvents.
This is because there is a large amount of natural carbon dioxide and carbon dioxide
available to the by-products of the manufacturing plant and power plants. Some of these
sources, especially those in natural mineral deposits, are likely to be developed and
transported at affordable cost to well-positioned fields.
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Figure 11 Diagram of the CO2 enhanced oil recovery process.[38]

2-5. Mechanism
Bakken tight oil is mainly light crude oil. Through a survey of a large number of related
literatures, it is concluded that the mechanism of the influence of carbon dioxide on light
crude oil is as follows:
Table 2 CO2 Enhanced Recovery Mechanism Classification

Crude oil properties changes

1. Crude oil viscosity deduction
2. Improve the mobility ratio of crude oil to water
3. Reduce the interfacial tension between oil and water

Physical Changes

4. Volume expansion
5. Light component extraction
6. Molecular diffusion

Others

7. Dissolved gas drive
8. Miscible effect
9. Permeability improvement
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1) Reduce the viscosity of crude oil
When carbon dioxide is miscible with crude oil, the viscosity of the crude oil will
decrease, thereby increasing the fluidity of the crude oil. This is beneficial to the increase
in the range of carbon dioxide emissions and can effectively increase crude oil production.
The greater the viscosity of the crude oil in the reservoir, the greater the degree of
viscosity reduction of the crude oil. As can be seen from Table 3, the viscosity of the
formation oil in which carbon dioxide is dissolved continuously decreases as the amount
of dissolution increases. When the amount of dissolution reached 326.18 m3/t, the
viscosity decreased by 36.7%. The degree of viscosity reduction of crude oil is not large,
which is caused by the low viscosity of crude oil itself. However, the decrease in the
viscosity of the crude oil can enhance the fluidity of the crude oil and improve the oilwater mobility ratio.
Table 3 Viscosity variation vs. CO2 dissolution[39]
CO2 Solubility,

Formation volume
gas oil ratio, m3*t-1

oil viscosity, cp

m3*t-1

factor

0

70.15

1.2482

1.713

52.87

122.93

1.3496

1.61

117.05

187.2

1.4607

1.308

230.08

300.23

1.6599

1.1517

326.18

396.33

1.8293

1.119

Cady et al.

[40]

also reported a study on the effect of carbon dioxide on the viscosity of

crude oil (Table 4, Figure 12). After exposure to carbon dioxide, the viscosity of crude oil
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decreases as the amount of carbon dioxide dissolved increases obviously. When the
amount of carbon dioxide dissolved from 1.84m3/m3 rose to 71.54 m3/m3, and the
viscosity of crude oil dropped from 17.64 cps to 3.821 cps, a drop of 78.3%.
Table 4 Viscosity reduction v.s. CO2 exposure pressure incremental

Pressure，
PSIG

Viscosity,
cp

Solution Gas,
Scf/bbl

Swelling
Factor

Viscosity Reduction,
μo/μm

14.7

17.64

/

/

/

200

15.35

11.1

1.0039

0.87

400

11

71.6

1.0251

0.62

600

8.65

142.8

1.0501

0.49

800

6.75

286.2

1.1002

0.38

1000

3.821

429.3

1.1502

0.22
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Relationship between gas solution and viscosity
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Figure 12 Relationship between gas solution and viscosity

2) Improve the fluidity ratio of crude oil to water
After the carbon dioxide is dissolved in the crude oil, the viscosity of the crude oil is
lowered, which improves the fluidity of the crude oil.
3) Reduce the interfacial tension
The decrease of interfacial tension between oil and water is beneficial to the recovery of
residual oil in the formation. The interfacial tension between oil and water is generally
10-20 mN/m. In order to allow more residual oil to be produced, the lower the interfacial
tension between oil and water, the better is the miscible fluid flow.
Li et al.

[41]

investigated the mechanism of carbon dioxide miscible flooding, and he

showed (Table 5) that the interfacial tension between crude oil and water is 10.5 times the
one between crude oil and carbon dioxide. When the carbon dioxide is saturated, the
interfacial tension between crude oil and water is reduced by above 30%, which is
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beneficial to improve the oil displacement efficiency. It can be seen from the above table
that as the pressure increases, the interfacial tension between carbon dioxide and crude oil
gradually decreases. In the formation, carbon dioxide is driven to drive crude oil and
dissolve into crude oil and water. The change of interfacial tension between crude oil and
water after the contact of carbon dioxide with crude oil will affect the efficiency of
displacement and ultimately affect oil recovery. The experiment found that the larger the
amount of carbon dioxide dissolved in the crude oil, the smaller the interfacial tension
between the crude oil and the water; the lower the interfacial tension, the more oil can be
produced.
Table 5 Interfacial tension vs. CO2 exposure pressure

Test pressure, MPa

Density difference,
g/mL

Interfacial tension,
mN/m

5.4

0.72

15.3

7.2

0.68

13.36

10.3

0.61

9.28

13.7

0.51

6.91

17.1

0.4

4.78

20.5

0.32

3.49

23.9

0.26

2.24

27.4

0.22

1.73

29.5

0.19

1.42

4) Crude oil volume expansion
The carbon dioxide is dissolved in the crude oil after contact with the crude oil, so that
the volume of the crude oil is expanded, and the degree of expansion is related to the
molecular weight of the crude oil and the amount of carbon dioxide dissolved in the
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crude oil. After the crude oil expands, its internal energy will also increase, which is
conducive to the exploitation of crude oil. As carbon dioxide gradually dissolves into the
crude oil, the volume of the crude oil first becomes larger as the pressure increases. This
is because the solubility of carbon dioxide is increased by the influence of pressure, so
that the volume of the crude oil gets expended after the dissolved amount of carbon
dioxide increases. However, when the pressure rises to a certain extent, the volume of
crude oil decreases with the increase of pressure, which is related to the extraction and
extraction of light components in crude oil during the contact process of carbon dioxide
and crude oil. The beneficial effects of crude oil expansion on oil displacement include: 1)
the existed inverse relationship between the residual oil of the formation and the
expansion coefficient of the crude oil. The greater the volume expansion of the crude oil
after dissolved carbon dioxide, the less residual oil in the reservoir; 2)the expansion of
the crude oil in the pores will squeezed out the water, so that the water in the pores is in a
discharged state, which may form an environment favorable for the flow of the crude oil;
3)the volume expansion of the carbon dioxide dissolved in the crude oil increases the
elastic energy of the fluid, and the expansion of the remaining oil in the formation may
break away from the limitation of the formation water, thereby turning into a movable oil.
5) Light hydrocarbon extraction and vaporization in crude oil
Carbon dioxide extracts and vaporizes light components in crude oil under certain
pressure conditions. Li et al.

[41]

investigated the mechanism of carbon dioxide miscible

flooding and showed that, when the pressure was increased to 20 MPa, oil production
which include components below C20 is with the highest ratio (more than 60%), and the
oil recovery factor has reached 90%. The C20 component of crude oil is the main target of
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carbon dioxide extraction. The heavy components in the remaining oil will be gradually
extracted after the pressure reaches 25 MPa, which also explains why the ratio of
components below C20 in crude oil produced at 25 MPa will be lower than the ratio of
components below C20 in crude oil produced at 20 MPa. When the pressure reaches
20MPa, the crude oil and the carbon dioxide are mixed. At this time, the carbon dioxide
extracts the components below C20 in the crude oil, so when the pressure reaches 25MPa,
the carbon dioxide extracts more C20 and above components.

F.S.Palmer et al.

[42]

developed the carbon dioxide miscible flooding in Louisiana Crude

oil research has found that carbon dioxide has an extraction and vaporization effect on the
light components of crude oil. Before the development of carbon dioxide injection into
the reservoir, the initial density of crude oil which were not in contact with carbon
dioxide was 0.8398g/cm3; After the development of carbon dioxide injection into the
reservoir, the density of the produced crude oil began to increase, and the density
increased from 0.7587g/cm3 to 0.8815g/cm3. While 0.7587g/cm3 is smaller than the
original density of crude oil, and 0.8815g/cm3 is more than that value. The change of
density indicates that the light component of crude oil is extracted firstly after the carbon
dioxide is injected into the reservoir, and the heavy component is also gradually extracted
and vaporized. In the following production years, the density of the produced crude oil
gradually stabilized, and the density reached 0.8155 g/cm3. This value is still lower than
the initial density of the crude oil that is not in contact with carbon dioxide, which further
confirms the presence of light components being extracted and vaporized during contact
with the crude oil after injection of carbon dioxide in the reservoir. The extraction and

25

vaporization of carbon dioxide after contact with crude oil was proved as an important
mechanism for the miscible phase of carbon dioxide and crude oil.
Wang Jian et al.

[43]

studied the solubility of carbon dioxide and showed that the carbon

dioxide extraction capacity increases with its density. Appropriate increase of pressure
makes the density of carbon dioxide increase, and thus the extraction will be easier. But
the compressibility of carbon dioxide is limited by high pressure, thus continuing to
increase the pressure will not affect the solubility of carbon dioxide; when the
temperature is constant, the relationship between carbon dioxide diffusion coefficient and
pressure is in the inverse relationship, and the increase in pressure will reduce the carbon
dioxide diffusion coefficient, which is not conducive to the extraction. So there is an
optimal pressure for carbon dioxide extraction. Factors affecting the optimum extraction
temperature include a decrease in the diffusion coefficient and a decrease in carbon
dioxide density at elevated temperatures, which together affect the optimum extraction
temperature. The increase in temperature is conducive to the progress of diffusion, but
the density of carbon dioxide is also reduced, so that the decrease in the solubility of
carbon dioxide is not conducive to the extraction. Thus, it is important to match an
optimum temperature under the consideration of variation of the CO2 density.
6) Mixed phase effect
Zhou

[44]

focused on carbon dioxide miscible flooding in ultra-low permeability

reservoirs and found that the miscible phase of carbon dioxide and crude oil depends on
the composition of the crude oil, reservoir pressure and temperature. When the reservoir
temperature is higher and the reservoir pressure is above medium, carbon dioxide enters
the reservoir and is continuously in contact with the formation crude oil. During the
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contact process, carbon dioxide extracts the C2～C6 components in the crude oil, and then
the carbon dioxide and the formation crude oil reach dynamic mixed phase state, also
known as evaporative gas flooding. When carbon dioxide is mixed with the formation
crude oil, the light hydrocarbons in the crude oil are extracted and vaporized, and a mixed
band of carbon dioxide and light components is formed. The production and movement
of the mixed zone of carbon dioxide and light components can effectively drive oil, and
the dynamic miscible can make the oil recovery more than 90%.
The minimum miscibility pressure (MMP) of the carbon dioxide is related to the
composition of the crude oil, the temperature of the reservoir, the purity of the injected
carbon dioxide[45]. The increase of reservoir temperature will lead to the increase of MMP;
the molecular weight of C5 and above components in the formation crude oil is mainly
proportional to the minimum miscible pressure; the impurities in carbon dioxide will also
affect the MMP, when the critical temperature of impurities is small than that of carbon
dioxide, the MMP will decrease, but when the critical temperature of the impurity is
larger than that of carbon dioxide, the MMP will increase.
7) Molecular diffusion
The change in the properties of crude oil after carbon dioxide dissolved in crude oil
determines the efficiency of carbon dioxide flooding. There are two mass transfer
mechanisms, which are convective diffusion and molecular diffusion during the contact
of carbon dioxide with crude oil[46]. In the process of carbon dioxide huff and puff
process, the main role between carbon dioxide and crude oil is molecular diffusion, and
molecular diffusion controls the rate at which carbon dioxide is dissolved into crude oil.
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In order to obtain the best oil displacement efficiency, the viscosity of the formation
crude oil should be reduced as much as possible to increase the volume of the formation
crude oil produced as much as possible. This requires that the carbon dioxide should have
enough time to dissolve into the crude oil under the formation temperature and pressure
conditions, so that leads the crude oil saturated. However, the complexity of the reservoir
makes carbon dioxide and crude oil reach miscible state difficulty, so carbon dioxide is
still dissolved through the slow molecular diffusion process. The diffusion coefficient of
carbon dioxide in the reservoir influences the diffusion rate of carbon dioxide gas and the
miscibility of carbon dioxide and crude oil.
Graham and Fick

[47- 48]

built the foundations of modern diffusion theory. According to

Graham's study, the diffusion process between gas and gas is achieved by exchanging the
spatial position of gas molecules during the contact of two gases. The gas diffusion
capacity is inversely proportional to the square root of the gas itself. Graham's
experimental study further confirmed that the diffusion rate of liquid molecules is much
slower than the diffusion rate of gas molecules, while Graham also realized that as
molecular diffusion progresses, the rate of molecular diffusion will gradually decrease.
Based on Graham's research, Fick further analyzed and summarized the macroscopic
laws related to gas diffusion phenomena, namely Fick's law. The Fick's first law refers to
the flow rate of the diffusing material (called diffusion flux, denoted by J) and the
concentration gradient at the cross section (indicated by 𝛻𝐶) in a unit time perpendicular
to the unit of the diffusion direction. In proportion to, the formula is as follows:
𝐽 = −𝐷𝛻𝐶
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2-1

In the above formula, D is the diffusion coefficient of the gas molecule in the liquid. The
physical property parameter is related to the system in which it is located. The diffusion
coefficient is also related to the temperature, viscosity, pressure and other characteristics
of the fluid, that is, the diffusion flux is proportional to the fluid concentration.
In addition to the Fick's law, which describes the phenomenon of gas diffusion, Fick also
proposed the Fick's second law for non-steady-state diffusion. Fick's second law refers to
the change in distance X with the non-steady state diffusion process. The rate of change
of concentration with time is equal to the negative value of the rate of change of diffusion
flux with distance at this point. The formula is as follows:
∂c
∂t

Campbell et al.

[49]

∂2 c

= D ∗ (∂x2 )

2-2

performed the visualization sub-diffusion experiments of carbon

dioxide at a temperature of 25 °C and a pressure of 8.3 MPa. At the beginning, the crude
oil was trapped in the dead hole by water, and the carbon dioxide flowed in the upper
tube. Gradually the crude oil has expanded because carbon dioxide has spread through
the water lock and into the crude oil. After 26.5 hours, the water was driven out of the
device and the crude oil was in direct contact with carbon dioxide.
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a

b

c

Figure 13 Recovery of red oil isolated by water in a dead-end pore by CO2 at 1200 psi and 77°F.
From top to bottom: (a) at start of CO2 injection; (b) position of water barrier after 18 hours; and
(c)position of water barrier after 26.5 hours.

8) Dissolved gas drive
After injecting carbon dioxide into the reservoir to saturate crude oil, as the reservoir
pressure drops, the carbon dioxide dissolved in the formation crude oil will be separated
from the crude oil to provide energy for the formation crude oil flow. This process is
called carbon dioxide dissolves gas drive. After carbon dioxide injection stops, the
residual carbon dioxide in the reservoir still hold the function of driving the formation of
crude oil forward. Not only that, but part of the carbon dioxide trapped in the reservoir
can also increase the production of formation crude oil. The higher moving speed of
carbon dioxide in the formation can cause some oil layer obstructions to gradually drain
out. The removal of the crude oil in the pores of the pores gives some carbon dioxide a
chance to become a bound gas in the pore space, resulting in an increase in crude oil
production.
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Holm et al. [50] conducted experiments on carbon dioxide dissolved gas flooding using a 4
ft-long core. At 6.21 MPa, 47% of the pore space is crude oil and there is brine in the
remainder. At this time, a certain amount of carbon dioxide is injected, and after a part of
the crude oil is saturated, the injection of the gas is stopped. The fluid is produced from
the gas injection end of the core. When the pressure drops to 2.75 MPa, 14% of the crude
oil is produced. When the pressure drops to 1.37 MPa, an addition of 4.5% of the crude
oil is produced.
9) Permeability improvement
The carbon dioxide is compatible with the formation water to carbonate the formation
water. The carbonated water can dissolve the calcium cement in the reservoir matrix.
When some impurities in the reservoir matrix are dissolved, the permeability of the
reservoir can be improved. After injecting a large amount of carbon dioxide, the
permeability of the formation rock around the wellbore is improved, which is favorable
for the reservoir crude oil to flow into the well. The shale is in an acidic environment,
various clay minerals become stable, and the principle of carbonic acid-soluble impurities
increasing matrix permeability is as follows [51]:
CO2 (aq) + H2O ↔ H2CO3 ↔ H+ + HCO3-

2-3

CaCO3 + H2CO3 ↔ Ca2+ + 2HCO3-

2-4

CaxMg1-xCO3 + H2CO3 ↔ xCa2++(1-x)Mg2+ +2HCO3At the same time, the crude oil and water dissolved in carbon dioxide are beneficial to
inhibit the expansion of the clay, so that the clay in the reservoir is dehydrated and
shrinks to increase the porosity. Part of the carbon dioxide free gas will wash the
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2-5

plugging impurities in the reservoir under a certain pressure, which is beneficial to dredge
the blocked substances in the reservoir.
10) Extraction of crude oil by carbon dioxide
During the process of carbon dioxide contact with the crude oil in the reservoir, carbon
dioxide extracts the light components of the crude oil in the reservoir. This property is
crucial for the miscibility of carbon dioxide with crude oil in the reservoir. Carbon
dioxide can extract oil from crude oil under both low temperature and high temperature
conditions, which is the basis for the miscible phase between carbon dioxide and crude
oil. In this process, the carbon dioxide is enriched by extracting the light hydrocarbons in
the crude oil of the reservoir; at this time, the carbon dioxide continues to be extracted in
the process of contacting with the crude oil, so that continuous contact is continuously
extracted as a cycle process. When carbon dioxide is enriched to a certain extent, it can
be miscible with the reservoir crude oil. The effect of extracting light components from
crude oil by carbon dioxide is affected by factors such as temperature, pressure and initial
gas/oil ratio. When the pressure is constant, the greater the gas/oil ratio, the more
hydrocarbons are extracted. Meanwhile, and there is an optimum gas/ oil ratio existed.
The efficiency of crude oil extraction by carbon dioxide will increase in the stable carbon
dioxide-crude oil system due to the increase in pressure, and there is also a minimum
pressure that allows the extraction to proceed effectively.
Yang et al.

[52]

conducted a series of experiments to studies the effect of carbon dioxide

on crude oil extraction, which was shown in Table 6. They pointed out that, when
injection conditions (injection pressure and injection volume) and production conditions
(output pressure and output velocity) are constant, the amount of condensate increases
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with the decrease of the density of crude oil, and the extraction effect is more and more
obvious. This indicated that carbon dioxide has a better extraction effect on light crude
oil.
Table 6 Effect of carbon dioxide on crude oil extraction

Oil Sample

Oil Density,
g/cm3

Condensate Volume,
cm3

Extracted Oil Volume/Initial Oil
Volume, %

1

0.911

21

0.02

2

0.918

7

0.007

3

0.948

3

0.003
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Chapter III
Fracture characterization
3-1. Introduction
Digital rock is the concept of discretization of the real rock sample, including rock matrix
and pores, into numerous pixels, whose length is determined by the resolution of
scanning image. The X-ray computed tomography (CT) is one of the most popular image
methods with high resolution, and thus can assist the researcher to observe the pore and
fracture structure of the rock sample precisely. In the early 1980s, Elliott et al.

[53]

invented the first generation of computed tomography machine. Then recently, CT was
widely applied in the medical and bio-medical field. Dunsmuir et al.

[54]

proposed the

essential potential of CT scanning to characterize the pore and throat structure of porous
media. With the further development of CT scanning techniques, the applications of the
CT scan in the field of petroleum engineering and geo-material has become increasingly
popular. Several type of CT scan machines utilized in the field of petroleum engineering,
including the conventional CT, micro-CT and synchronic powered transmission CT [55-56].
Generally, the conventional CT is widely used to identify the weakly cemented porous
media, such as loose carbonate, etc. While as the synchronic CT which generated the
higher resolution of images, it can be used to characterize the tight porous media and
generate the 3D model of tight formation, such as shale rock[57]. After the generation of
the high-resolution reconstructed grayscale images, the next step is its application. For
this research, the application of digital rock in the fracture quantification is the most
concerning problem, which can be used for property calculation, rock characterization,
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and reservoir simulation. Lai et al.

[58]

studied fracture analysis of tight gas sandstone –

the Lower Cretaceous Bashijiqike sandstone, using industrial computed tomography. The
high-resolution industrial X-ray CT provided a three-dimensional quantitative
characterization of the fracture geometries using the two-dimensional slice analysis, the
authors obtained the corresponding fracture area, length, aperture, fracture porosity, and
fracture density. Then, they created the three-dimensional image using the volumerendering software. In the three-dimensional model, they colored the vug (open fracture)
in cyan and calcite-filled fractures in magenta. By three-dimensional counting, the
surface area, volume, porosity, and aperture can be calculated or estimated. Finally, they
determined the connectivity of fractures is by comparing fracture parameters with
permeability.
In this research, a novel image processing method, named as multi-stage image
segmentation method, was proposed, and the goal is to make the fracture quantification
more accurate and precise. This method is expected to combine the global and local
information to segment the fractures, which is the improvement especially for the
boundary pixel classification.

3-2 Methodology
3-2-1 Core sample preparation.
The research target of the X-ray CT scanning experiments is the fracture existing in the
shale rock samples. Fig. 14 shows the rock core after the stimulation treatment from
middle Bakken shale formation. The main fracture can be clearly identified visually. But
we should notice that there are still have some small size fractures existed inside of the
core sample.
35

Figure 14 Rock Core from Middle Bakken formation

3-2-2 X-ray Computed Tomography Scanning Experiment

The second-generation medical CT applied the multiple detectors in the translate/rotate
configuration, while the fourth-generation medical CT utilized a fan-beam geometry with
source rotating within a fixed ring of high-efficiency detectors. Both of those two types
of CT can fulfill the requirement on the application of oil and gas field due to the strong
and enough X-ray energy and dose for scanning rock sample[59]. The general quantity
obtained in each pixel of a CT image is the linear attenuation coefficient --μ, which was
termed by Beer’s Law (equation 3-1):
𝐼
𝐼0

= 𝑒 −𝜇𝑥

3-1

Where,
I0 , the incident X-ray intensity;
I, the intensity remaining after the X-ray passes through a target;
x, the width of the sample.
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The linear attenuation coefficient depends on both electron density (bulk density) -- ρ and
atomic number -- Z, which can be presented by equation 3-2:
μ = ρ(a +

bZ3.8
E3.2

)

3-2

where a – nearly energy-independent coefficient called the Klein-Nishina coefficient; b –
constant. The first term of equation 3-2 represents Compton scattering, which is
predominant at X-ray energies (about 100 kV) where medical CT scanners normally
operate. The second term of equation 3-2 is the photoelectric absorption, which is more
important at X-ray energies well below 100 kV.
Fig. 15 shows the instrument we utilized for CT image taking from North Dakota State
Univesity.

Figure 15 GE vtomex s micro CT, NDSU

3-2-3 Multi-stage Image Segmentation Method
In this part, the theories and methods applied in the multi-stage image segmentation
method were proposed and interpreted. It includes the entropy-based masking technique,
the indicator kriging estimation method.
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Entropy-based Mask technology
Shannon et al

[60]

had provided a basic tool, termed as the entropy function, in order to

quantify the information presented in a certain region. Generally, the pixel from an 8-bit
grayscale image contains any number from 0 to 255 while for the 16-bit grayscale image,
every pixel may present the number ranging from 0 to 65535. It is known that[61] the
degree of intensity for all the pixels include are independent, thus the amount of
information applied for the relative frequency of intensity occurrence in the image can be
well estimated. Thus, the definition of the entropy can be introduced as the average of the
information at the given region. Seen as Equation (3-3):
H = − ∑ni=1 p(i)log 2 p(i)

3-3

Where,
p(i) is the relative frequency of intensity occurrence, which is termed as the entropyestimating window;
n is the number of intensity occurrence in the window.
The basic logic of entropy-based masking method is to filtrate the pixels which hold with
more information than the others. Firstly, the square neighborhood with the size of N×N
was selected as the window around for the given pixel. Then the entropy for each selected
window was calculated out through equation (3-3), and the entropy values were assigned
to the central pixel of the window as followed. Meanwhile, the symmetric padding is
used for the treatment of the pixels of the image boundary, in order to avoid the window
cover beyond the image.
Generally, the higher entropy value illustrates that the pixels’ intensity inside of the
window tends to follow the random distribution. In other words, the larger variation of
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the intensity posses with higher entropy value. Therefore, the high value of the pixel’
entropy value means that this pixel may belong to the boundary between void space and
matrix.
One of the most important statistical distribution – The Gaussian distribution one of the
most critical statistical distribution with the advantage of easy operation, which may be
applied to screen the important pixels. In this process, the entropy values of all of the
pixels in the interested region were firstly calculated out and represented in the entropy
histogram figure. Then the distribution of entropy values is ascertained by applying a
Gaussian distribution. At the end, the pixel with the entropy of two deviations away from
the mean, corresponding to the top 2.5 % of the high-ranking entropy inside the discrete
distribution, was screened and selected. The main purpose of the entropy-based mask
method is trying to target the boundary between the objects and the backgrounds.
Indicator Kriging Estimation
The theory of regionalized variables is the fundament of the geostatistical methodologies,
which states that the attributes within an area exhibit both random and spatially structured
properties[62]. The kriging estimation method is an optimal valuation method, which is
considered as the best linear unbiased estimator. Estimate and model the sample
variograms, which is the function of their separation distance, to quantify the spatial
variability of random variables[63]. The variogram is computed using equation (3-4):
1

N(h)

γ(h) = 2N(h) {∑i=1 [z(ui + h) − z(ui )]2 }

3-4

Where γ(h) – the variogram for a distance lag h; N(h) – the number of data pairs for that
lag h; z(ui) and z(ui+h) – the values of the regionalized variable of interest at locations ui
and ui+h respectively.
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Then γ(h) can be simulated by different theoretical models, such as:
(1) Equation 3-5 indicates the linear model:
ah2

γ(h) = 3L2 (3L − h)

0<ℎ<𝐿

{
L
γ(h) = a (h − 3)

3-5
L≤h

(2) Equation 3-6 reveals the exponential model:
−h

γ(h) = C(1 − e a )

3-6

(3) Equation 3-7 represents the logarithmic model:

{

γ(h) = 3αlog e (h)
h

h<𝐿
2

γ(h) = 3α (log e L + 3)

h>𝐿

3-7

Indicator kriging is a non-parametric geostatistical method for estimation of the
probability of exceeding a specific threshold value -- zk (0.5 in this research), at a given
location. In indicator kriging, the stochastic variable – Z(u), is transformed into an
indicator variable with a binary distribution, as the equation 3-8 shows:
I(u|zk ) = {

1,
0,

Z(u) > zk , k = 1,2, … , n
Z(u) ≤ zk , k = 1,2, … , n

3-8

The expectation of I(u,zk), which is determined by n surrounding data, can be calculated
by equation 3-9:
E[I(u|zk )] = Prob{Z(u) ≤ zk }

3-9

Also, the expectation is equal to the value of the conditional cumulative distribution
function of Z(u) for a threshold zk. For an unsampled location -- u0, the indicator kriging
estimation is calculated by equation 3-10:
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I ∗ (u0 |zk ) = ∑ni=1 λi (zk )I(ui , zk )

3-10

Where,
I(ui,zk) – the values of the indicator at sampled locations,
i = 1,2,…,n; λi – the weight of I(ui,zk) in the estimation of I(u0,zk).
There are two advantages, which are the conditions as well of the estimator: unbiased and
minimum estimation error variance, expressed by equation 3-11 and equation 3-12:
E[I∗ (u0 |zk ) − I(uo |zk )] = 0
Var[I∗ (u0 |zk ) − I(uo |zk )] = minimum Var.

3-11
3-12

Fulfil both conditions by computing the weights -- λi, which can be solved from the
equation 3-13:
{

∑ni=1 λi (zk )γ(ui , uj |zk ) − μ(zk ) = γ(uj , u0 |zk )
∑ni=1 λi (zk ) = 1
i = 1,2, … , n

3-13

Where,
μk – the Lagrange multiplier;
γ(ui,uj|zk) – the variogram value between the indicator variables at the sampled location of
ui and uj;
γ(uj,u0|zk) – the variogram value between the indicator variables at the sampled location
of ui and the unsampled location of u0.
Generally, the traditional image processing method was limited by the simple global
value cut off, which means that it only depend on one criteria for the boundary
identification. For example, in the rock sample image processing in the oil and gas field,
they just rely on the sole value to decide the segmentation of the matrix and fractures. But
many images taken from the advanced instruments, such as the X-ray Computed
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Tomography Scanning, hold the large size and high resolution properties, thus the image
processing with the traditional method will lead to bunch of errors and the noise will
affect the preciousness of the segmentation and reconstruction, therefore the unreliable
result.
Since that, the multi-stage image segmentation method was proposed and demonstrated
for achieving the more accurate segmentation result by combining the global information
and local cut-off.
The sequence workflow was described as below.
a) Preliminary treatment
After obtained the bunch of the 2-D images generated by X-Ray CT Scanning, one slice
from the image collection was picked up first for consideration. The 2-D image normally
consist of the object and the boundary. Thus the region of interest (ROI) should be
distinguished for the further consideration.
After targeted the ROI, the next step is apply the grayscale intensity histogram to identify
the scale roughly for different phases in the core sample, such as the porous phase and the
mineral phase. In this job, the mineral phase is not our research goal, so we ignored the
mineral phase segmentation.
Then by observing and the interpreted the grayscale intensity distribution, a certain
distribution model was applied and fitted through MATLAB.
b)Preliminary segmentation
Through the interpretation of the grayscale intensity distribution model applied, set the
mean values of the separated phases as the threshold.
c) boundary pixel detection
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After segmented the different phases in the core sample, the following step is the
boundary detection. The entropy function (H) which shown as equation 3-3 was applied
to calculate out the entropy value for the selected zones. The window was set as 9×9.
Then through the entropy map of the image and the entropy histogram curve fitting, the
boundary pixels was detected and identified in detail.
d) Estimation of the unclassified part
Through the preliminary segmentation of the image’ s grayscale and the boundary pixel
identification, the image then can be separated into the classified part and unclassified
part. The Kriging method then was utilized to estimate the classification of the
unclassified part with the assistance of the pixel value and location information in the
classified part. Then the final segmentation is finished.
e) 3-D image reconstruction
Applied the some process workflow to all the other slices of 2-D image in the family,
then use the image process software IMAGE J to overlapped the treated 2-D images to
construct the 3-D image of the fracture system.
f) Fracture properties extraction.
By interpreted the reconstructed 3-D image of the fracture system, the fracture properties,
such as the porosity and length of the fracture, can be extracted through the IMAGE J.

3-3 Result and discussion
Fig. 16 illustrates the 2-dimensional scanning results generated by X-Ray CT Scanning
(one slice). Normally, the three-dimensional images were composed by more than 1,000
slices of two-dimensional images, thus the main target of the processing is the twodimensional images then all the treated 2D images will be overlaid to generate the 3D
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image. Due to the boundary effect and for the purpose of avoiding the error caused by
noise around the boundary of the core sample, the region of interest (ROI) of the image is
limited in the red circle.

Figure 16 Two-dimensional Scanning Image

Fig. 17 indicates the ROI from the selected two-dimensional image and Fig. 18 represents
the grayscale intensity histogram of the ROI region.
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Figure 17 Region of Interest

Figure 18 Grayscale Value Frequency

The description of the pixels classification was presented as followed: 1) The porous
phase including the pores and fractures was presented by the low-value grayscale
intensity in the curve, and 2) the mineral phase, which may include the pyrite and silica,
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was revealed with the high values grayscale intensity of the pixels. Rely on the above
description, we can split the whole image into three elements: the main matrix component,
the fracture system and mineral phase, and they follow the Gaussian distribution. The
distribution of the grayscale value of the selected image should be the sum of three
normal distributions, which presenting fracture, matrix and mineral phase individually.
For a single phase, set the fitting curve function as equation 3-17.
Grayscale = 𝑎𝑖 × 𝑒

−

(𝑥−𝜇𝑖 )2
2𝜎2
𝑖

3-17

Where,
G – grayscale value;
μ – mean value;
σ2 – Variance;
a – constant coefficient;
i – three phases: fracture, matrix, and mineral phase.
Using the least square method to calculate the value of all the unknown variables to best
fit the frequency distribution of the grayscale value in the cross-section of scanning result.
Fig. 19 shows the fitting curve. The calculation process can be finished using MATLAB.
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Figure 19 Tri-Gaussian Curve Fitting, R2 = 0.9778.

Curve fitting R-square is 0.9778, which means parameters of three Gaussian distributions
to fit the grayscale distribution of the gray image is precise enough. Table 7 provides the
parameters of the distribution representing fracture system, matrix, and mineral phase.
Set the mean values of grayscale intensity distribution as the threshold: The pixels with
grayscale below 63 belong to porous phase, and pixels with grayscale intensity greater
than 110 belong to mineral phase. The pixels with a grayscale intensity between 63 and
81 belong to either matrix or boundaries of fracture and matrix, and pixels with a
grayscale value between 81 and 110, belong to either matrix or boundaries of matrix and
mineral phase. Figure 20 is the initial segmentation result of fracture system and mineral
phase.
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Table 7 Normal Distribution Parameters of Different Phases

a

μ

𝜎2

Fracture

0.004986

63

19.66

Matrix

0.03164

81

91.2

Mineral Phase

0.008833

110

71.75

Figure 20 Initial segmentation of fracture and mineral phase

The next step is the boundary pixel detection using entropy function, whose definition is
mentioned above. Set the window size as 9×9 and calculate the entropy of the input
image. Fig. 21 shows the entropy map of the input image and Fig. 22 is the entropy value
histogram and corresponding normal distribution fitting.

48

Figure 21 Entropy Map

Figure 22 Entropy Histogram
𝑥−3.429 2

Entropy = 4.368 × 105 × 𝑒 −( 0.6136 )

3-18

The statistical property of entropy: mean value: μ = 3.429, variance: 𝜎 2 = 0.3068. We
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select the pixels with entropy greater than μ + 2σ.
The mean and variance of the normal fitting curve are μ = 3.429 and σ2 = 0.3068. The
pixels with high entropy value are potential boundary pixels. The top 2.5 % is considered
as high entropy value, which means the pixels with H > μ + 2σ = 4.0426 maybe belong to
the boundaries between different phases. In the result, the white pixels are with H >
4.0426 (Potential Boundary Pixels) and black pixels are with low-valued entropy.
Combine the boundary pixel detection results from the initial image segmentation and the
high entropy value filtering, Fig. 23 shows the boundary pixels between fracture and
matrix and Fig. 24 shows the boundary pixels between mineral phase and matrix
individually.

Figure 23 Boundary Pixels between Matrix and Fracture

50

Figure 24 Boundary Pixels between Matrix and Mineral Phase

After the initial segmentation of the gray image and boundary pixel detection, the whole
image is divided into two parts: Clearly classified parts, including fracture, matrix and
mineral phase; Unclassified part: Boundaries of fracture and matrix, matrix and mineral
phase. The next step is to use kriging method, whose theory is explained above, to
estimate the classification of the unclassified part. The classified pixels can be used to
generate the variogram model. Use exponential sem-ivariogram model to fit. The range is
about 35-pixel distance.
The model equation is as equation 3-19 shows:
h

γ(h) = 0.003874 + 0.001002 × (1 − e−47 )

3-19

where h is the distance between two pixels.
With the kriging result, the boundary pixels can be classified into fracture, matrix and
mineral phase and the final segmentation is finished. Repeat this process to all the twodimensional gray images and generate the three-dimensional models of fracture and
mineral phase. Fig. 25 shows the final segmentation result. In the result, a clearly fracture
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line was identified.

Figure 25 Final Segmentation Result

Until here, one slice of the 2-D CT image processing was finished. Then we can applied
the workflow to all the other slices in the image family. Finally, all the treated 2-D images
from the X-Ray CT Scanning were overlapped through the software Image J. Fig. 26
represented the reconstructed 3-D facture system in the core. From the figure below, there
are two fractures in the rock sample, which are highlighted. Fracture 1 is through the
whole rock sample and fracture 2 is isolated. As a result, only the fracture 1 can serve the
function as the flowing channel.
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Figure 26 Fracture system

Table 8 shows the parameters of these two fractures, including length, aperture,
horizontal and vertical tortuosity, specific surface area, and porosity. All the values was
read through the software Image J.
The achieved parameters, such as the fracture porosity and the length of the fracture, are
critical for the CO2 injection simulation and stimulation, also, it is very crucial for the
formation alternation evaluation during the CO2 Enhanced oil recovery process and long
term storage.
Table 8 Parameters of the fracture system
Length, cm

Aperture, μm

Tortuosity

Width, cm

Porosity

Frac.1

7.19

70.38

1.038

2.315

0.46%

Frac.2

1.96

30.1

1.001

1.766

0.17%
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3-4. Conclusions
In this research, we proposed a novel image processing method –multi-stage image
segmentation method. The experimental sample are the shale rock slices and cores from
the Bakken formation. The related theories and detailed methods included in the methods
are presented and the processing results of each step are shown above. The results show
that the novel image processing methods proposed in this research have the capability of
dealing with the problem of small target segmentation. The key and detailed conclusions
of this research are listed below:
The multi-stage image segmentation method can combine the global information and
local information to finish the segmentation process, which can classify the boundary
pixels precisely. The three-dimensional fracture systems can be observed and the
geometric parameters can be calculated. All the achieved parameters, such as the fracture
porosity and the length of the fracture, are critical for the CO2 injection simulation and
stimulation, also, it is very crucial for the formation alternation evaluation during the CO2
Enhanced oil recovery process and long term storage.
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3-5 Recommendations for future work
The proposed image segmentation method can identify the stimulated fracture in the core
samples preciously but limited by the micron scale. Future research should focus on the
natural fracture system with nano-scale.
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Chapter IV
CO2 EOR
4-1. Introduction
4-1-1. CO2 EOR
The Bakken formation is currently one of the largest unconventional reservoirs in the
world. According to the US Geological Survey in 2013, the oil and gas system has 7.4
billion barrels of recoverable reserves[64,65]. However, the primary recovery of the Bakken
reservoir is still less than 10% even though the advanced technologies such as horizontal
well and hydraulic fracturing applied[66]. Compared to its rich and dense oil reserves,
Bakken reservoir development and enhanced oil recovery technology has great potential,
thus the gas injection has become a domestic and foreign scholar actively explored
content.
Improving oil recovery is the constant pursuit of oil and gas field development. The
technology of enhancing oil recovery by gas injection brings new development methods
for fulfilling this purpose. Carbon dioxide is a good candidate for the type of gas injection.
Carbon dioxide injected into the formation can affect the properties of crude oil and
improve oil recovery. In tight Bakken reservoirs with extremely low permeability, carbon
dioxide injection to develop tight oils may be the most effective method for enhanced oil
recovery. Previous studies have shown that the factors that contribute to the improvement
of oil recovery during the contact between carbon dioxide and tight oil include reducing
the viscosity of crude oil, improving the fluidity ratio of crude oil to water, reducing the
interfacial tension between oil and water, volume expansion of crude oil, and light
components extraction, molecular diffusion, dissolved gas flooding, mixed phase effects,
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and improved formation permeability, etc. At the same time, a large amount of carbon
dioxide injected into the ground can alleviate the greenhouses effect that are currently
plaguing the world.
In recent years, the use of carbon dioxide to develop tight oil has been supported by many
American researchers and scholars. They evaluated and analyzed the CO2 enhanced oil
recovery of tight oil injection from the perspective of experiments and numerical
simulations. In terms of experiments, the tight oil core displacement experiments
conducted by Gamadi[67] mainly showed that, the enhanced oil recovery factor can be
improved by ranging from 33% to 85%. In terms of numerical simulation, Sorensen[68]
have found that by injecting carbon dioxide, the oil production can be increased by 43%
to 58% by establishing various numerical simulation models. However, the numerical
models used by the above scholars in the research process generally establish a
homogeneous model that assigns the same value to the mesh porosity and permeability,
or a heterogeneous model that assigns different values to different small-layer porosity
and permeability. The above model does not meet the actual characteristics of the Bakken
reservoir, so the simulation results are often too idealistic. In terms of the choice of
injection medium, carbon dioxide can be mixed with dense oil under lower pressure
conditions compared with other injection gases. Carbon dioxide is easier to prepare as a
relatively stable gas, and there are quite abundant carbon dioxide gas reservoirs in the
ground which is easy and economical to obtain. Considering the impact of current
greenhouse gases on the global climate, the environmental benefits of using carbon
dioxide as an injection medium are self-evident.
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4-1-2. Nuclear magnetic resonance (NMR)
Nuclear magnetic resonance (NMR) is a phenomenon in which some nuclear nucleus
with a spin magnetic moment absorbs electromagnetic waves of a specific frequency
under an external magnetic field, thereby changing the energy state[69]. The nuclear
magnetic resonance technology is widely applied in petroleum exploration and
development field recently[70]. Through nuclear magnetic resonance testing of rock
samples, the physical properties and fluid parameters of the formation such as reservoir
permeability, porosity, oil saturation, percentage of movable fluid and mobile water
saturation can be quickly obtained, which is benefit for the division, evaluation and
identification of the effective reservoirs.
After the fluid (oil or water) is contained in the pores of the tight shale reservoir, the force
between the fluid molecules and the surface of the pore solids is generated, and the
strength of the force is related to the pore size, morphology, mineral composition, surface
properties, fluid type and viscosity, etc. When performing nuclear magnetic resonance
measurement on a core sample containing fluid (oil or water), the obtained T2 spectrum
indicates the pore size distribution inside the core[71]. Within the T2 plot, the abscissa
indicates the T2 relaxation time, and the ordinate indicates the fluid component
occupancy share of different T2 relaxation times in the core. The T2 relaxation time is
characterized by the strength of the surface of the fluid molecule and the pore solid. The
fluid in the tiny pore is strongly affected by the surface of the pore solid. The T 2
relaxation time of the fluid is small, and the fluid is in a restrained or immobile state. It is
called a restraint fluid or a non-movable fluid[72]. The fluid in the larger pores is weakly
affected by the surface of the pore solid, the T2 relaxation time of the fluid is large, and
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the fluid is in a free or movable state, called a free fluid or a movable fluid. Given the T2
cutoff at the T2 spectrum, the fluid in the right pore of the T2 cutoff is a movable fluid,
and the fluid in the left pore is a non-movable fluid, Through using the magnitude and
distribution characteristics of the T2 relaxation time in the nuclear magnetic resonance T2
spectrum of the fluid in the rock sample, the state of the fluid in the pore can be analyzed.
In this research, we investigated the recovery potential of the supercritical CO2 flooding
process varied with different pressure range, which lead to the immiscible and miscible
phase. The recovery factor was obtained and analysis. In order to verify the results got for
the flooding process, the NMR T2 spectrum were applied and interpreted in detail. Both
of those two methods provides the strong support to the essential potential of the CO2
EOR process.

4-2 Experimental design
4-2-1. Core sample preparation
Three rock samples from Middle Bakken formation (well file:16089) were obtained from
the Core Laboratory at UND for the purpose of core flooding experiment analysis.
Previous research indicated that the preparation process of the shale sample was difficult
due to their brittle nature. Thus, the freezing sample method was applied for minimizing
or overcoming the core sample issue. The original rock sample were storage at low
temperature for several days and then were cut and polished mechanically and prepared
as the cylinder core samples. Figure 27 shows the drilling equipment of the samples.
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Figure 27 Core sampling system and obtained core plug applied in this study.

Table 9 illustrated the details of the core samples information.
Table 9 Summary of the basic core samples information
Core number

1

2

Depth, ft

10489.60

10495.50

Diameter, in

1.49

1.50

1.74

1.77

Length (in)

2.25

2.79

Porosity, %

7.2

5.4

Permeability(gas)，mD

0.011

0.034

Pore Volume, in3

0.24

0.27

Initial Oil Saturation, %

72.5

75.3

Cross-section Area, in2

4-2-2. Oil sample analysis
Compositional analysis generally refers to the measurement of the distribution of
hydrocarbons and other components present in oil and gas samples. By utilizing modern
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chromatography techniques, the oil samples are analyzed to determine the breakdown of
the components in the sample. Fig. 28 shows the GC-MS apparatus applied in this part.

Figure 28 GC-MS applied in this study

Table 10 shows the components detail of the oil sample from the Bakken formation.
Table 10 Compositional analysis of Bakken oil sample, Temp. = 21°C, atmospheric pressure.

Component Name

Chemical Symbol

Mole Fraction

Nitrogen

N2

0.0017

Carbon Dioxide

CO2

0.0044

Hydrogen Sulphide

H2S

0.0000

Methane

C1

0.1811

Ethane

C2

0.0038

Propane

C3

0.0135
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i-Butane

i-C4

0.0145

n-Butane

n-C4

0.0150

i-Pentane

i-C5

0.0214

n-Pentane

n-C5

0.0147

Hexanes

C6

0.0490

Heptanes

C7

0.0744

Octanes

C8

0.0813

Nonanes

C9

0.0542

Decanes

C10

0.0493

Undecanes

C11

0.0346

Dodecanes

C12

0.0309

Tridecanes

C13

0.0319

Tetradecanes

C14

0.0278

Pentadecanes

C15

0.0255

Hexadecanes

C16

0.0213

Heptadecanes

C17

0.0196

Octadecanes

C18

0.0287

Nonadecanes

C19

0.0200

Eicosanes

C20

0.0156

Heneicosanes

C21

0.0141

Docosanes

C22

0.0126

Tricosanes

C23

0.0116

Tetracosanes

C24

0.0126
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Pentacosanes

C25

0.0098

Hexacosanes

C26

0.0082

Heptacosanes

C27

0.0083

Octacosanes

C28

0.0080

Nonacosanes

C29

0.0076

Tricontanes

C30

0.0064

Hentriacontanes

C31

0.0052

Dotriacontanes

C32

0.0049

Tritriacontanes

C33

0.0045

Tetratriacontanes

C34

0.0043

Pentatriacontanes

C35

0.0038

Hexatriacontanes plus

C36+

0.0439

Fig. 29 represented the components distribution of the oil sample. Generally, the light
components account for most of the sample.
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Figure 29 Component distribution of the oil sample

4-2-3. Core sample pre-treatment
The core plugs were cleaned using solvent in order to elute the organic materials in the
pore and then settled into a vacuum oven over 72 hours for the purpose of drying out
completely. Then, the cylindrical Bakken core plug was covered with copper sheeting in
order to both form a gas-tight seal on the cylindrical wall of the sample and to apply
radial confining pressure. The core plugs were evacuated and saturated with the crude oil
from Middle Bakken for 15 days. In this procedure, the core plugs were evacuated for 2
hours and 3000 psi over burden pressure (OBP) was applied before starting the
evacuation process. Then, the crude oil was injected at the specified low flow rate until
the oil was visible at the outlet of the injection system. Keeping the oil injection operation
dynamically for at least 15 days for fully saturated the core samples. In between, the core
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samples was released out and weighed several times and finally stop the oil injection
process until the weight of the core sample reach the constant value. All the weight
values, include the dry weights of all samples, the weight with the copper sheeting and
the post-saturated weight of the core samples were recorded accurately, in order to obtain
the accurate initial oil saturation.
4.2.4 CO2 flooding of Core Samples
The Vinci core flooding apparatus will be used for CO2 flooding in this project (Fig. 30).
The system can perform single and multiphase core flood studies at reservoir conditions.
It allows the evaluation of critical parameters such as brine sensitivity, return
permeability, critical flow velocity and various secondary and tertiary EOR methods,
including water flooding, polymer injection, miscible and immiscible gas flooding, acid
treatments and microbial flooding. Relative permeability at irreducible water saturation,
residual oil saturation, displacement efficiency and incremental oil recovery after
implementation of the EOR process, can be determined. The computer-controlled system
is provided with a unique software that allows both manual and automated operation
where all key components can be controlled including pumps, valves, video capturing
and data acquisition. A test sequencer also permits automated elaborate test sequences.
The core holder, air operated valves, produced fluid separator if selected and necessary
plumbing are mounted in an isothermal convective air bath that has been designed to
provide easy access to all main components. After the core plug is taken from core, it will
be installed into the core holder and the overburden pressure will applied. Then the pump
will supply the pressure source to maintain the constant CO2 injection pressure through
the core plug. The operating temperature will be set to assure that the CO2 passing
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through core holder is in the super-critical phase or gas phase when the operating
pressure is maintained at moderate to high pressure. The entire apparatus, except for the
pumps, is contained in an air bath box to maintain a constant temperature throughout the
experiment. The operation temperature was set as 40℃ (104°F) to make sure the CO2
was under supercritical state. Fig. 31 shows the schematic diagram of the core flooding
system. Through the CO2 flooding process, under a series of injection pressure ( 2500psi,
2800psi, 3000psi, 3500psi), the final oil recovery vs. injected pore volume from the
injection and production data and plots between injected super-critical CO2 vs. oil
recovery were generated.

Figure 30 Vinci core-flood system to be used for CO2 injection in Bakken shale samples
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Figure 31 Schematic diagram of the core flooding system[73].

4.2.5 NMR
It is critical to conduct the mechanisms investigation of the oil mobilization in the tight
formation when the CO2 enhanced oil recovery and carbon sequestration processed. After
the core samples were flooded under the varied CO2 injection pressure, the core was
taken out from the core flooding system and conducted the NMR test immediately. In this
work, the exposure behavior between the supercritical CO2 and the core sample from
Middle Bakken formation has been progressed experimentally by using nuclear magnetic
resonance transverse relaxation time (NMR T2) spectrum. Quantitative analysis of
recovery at the pore scale was achieved. Effects of varies CO2 injection pressure (2500psi,
2800psi, 3000psi, 3500 psi) on recovery performance have been investigated properly.
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In sum, the proposed experimental sequence of the CO2 flooding process was shown in
Fig. 32.

Figure 32 CO2 EOR Experimental sequence.
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4-3 Result and Discussion
4-3-1. Recovery factor from CO2 Flooding experiments
Under variable super critical CO2 injection pressure range ( 2500 psi, 2800psi, 3000psi,
3500psi), the recovery potential for core #1 and core #2 with the incremental injection
volume of Supercritical CO2 were demonstrated in Fig.33 (a and b). Based on the
observation, with 6 PV of CO2 continuously injected, the pressure was a primary factor
which may give the positive effect on the recovery potential of the CO2 flooding process.
With the pressure increase, the recovery factor of core #1 was increased form 13.3% to
50.5% and that of core # 2 was increase from 8.9% to around 34% dramatically with the
CO2 injection pressure varied from2500 psi to 3500psi, which can be proved to be more
beneficial for release the limitation of the low recovery factor in the Bakken formation.
Under 2500psi, with the continuous injection of CO2, the recovery factor was increase
quickly and then trend to increase slowly then almost achieve the balance, which means
not too much oil will be recovered. The main reason for this curve trend is due to the
immiscible flooding process dominant. Immiscible CO2 flooding was capable of
mobilizing oil in the rock with very low permeability (0.16 mD). The injection pressure
of CO2 is below the minimum miscible pressure(MMP), which is around 2780 psi for the
Middle Bakken formation, thus the CO2 cannot penetrate into the matrix and extract the
oil from the small pore. In this immiscible flooding process, the natural fracture and large
pore were believed to dominate the recovery potential. Another factor may affect the
recovery potential is the ability of oil extraction by supercritical CO2.
Back to the high pressure range(2800psi, 3000psi, 3500psi), which are above the
minimum miscible pressure, the recovery potential curve can be divided into three stages:
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1) Before the 2PV of Supercritical CO2 injection, the recovery factors for all pressure
variables were observed rapid growth. In this stage, the produced oil was mainly from
the natural fracture and pores with large size.2) between 2 PV and 3PV of supercritical
CO2 injection, the recovery factors keep the minute increase or reach a transient
equilibrium. The main reason for this phenomenon happened is that the major portion of
the hydrocarbon from the natural fracture and large pore was extracted and produced,
and the sweeping power of the CO2 agent is not enough to extract the residual oil inside
of the fractures and large pores, thus the maximum recovery potential of those two
structures were touched. Another reason for the production delay may due to the time
spend for the supercritical CO2 penetrate into the pores with small size and start to
dissolve the light components of the oil then reach the miscible phase. 3) Stage 3 is
observed from the 3.5PV of CO2 injection to the end of the injection process. In this stage,
under all the injection pressure variables, the recovery factors start to increase again. The
reason for this incremental trend of recovery factor is mainly due to the meso pores and
the micro pores start to dominate the oil production. After contacting with the CO2 for a
certain time , the hydrocarbon fluids start to be dissolved out and then achieve the
miscible phase, thus the oil begin to be produced under the pressure push energy.
We should notice that 6PV of supercritical CO2 injection is not the end of the recovery
potential increment. While considering the economic factors, the injection amount of the
CO2 should be evaluated properly.
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Figure 33 Recovery potential vs. the PV of CO2 injected, a) core#1, b)core #2. Pressure range:
2500psi, 2800pis, 3000psi, 3500psi

4-3-2. Recovery potential from NMR T2 spectrum
Fig. 34 reveals out a typical NMR T2 spectrum of the sample from the Bakken formation.
Generally, the integral area of the NMR T2 spectra curve represents the pore fraction
which hold the hydrocarbon, in other words, the oil saturation of the core sample. In the
sample NMR T2 spectra, two nanoid peak and a towering peak can be observed clearly.
The towering peak can be converted and interpreted as the meso and macro pore
distribution, the left weak peak stand for the micro pore existing. For the right peak in the
T2 spectrum, it is explained as the natural fracture appearance.

Figure 34 Typical T2 spectrum of the Middle Bakken Formation.

In order to interpret the NMR T2 spectrum intuitively, the correlation conversion of NMR
T2 relaxation time and pore throat radius obtained for the N2 gas adsorption were
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generated and applied[74]. As for the NMR transverse relaxation time, T2, of a fluid in a
pore is given by the following equation (4-1).
1
𝑇2

=

1
𝑇2, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

+

1
𝑇2,𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+

1
𝑇2,𝑏𝑢𝑙𝑘

(4-1)

where,
T2, bulk is the bulk relaxation time of the pore-filling fluid (ms),
T2, surface is the surface relaxation time (ms),
and T2, diffusion is the relaxation time as induced by diffusion (ms).
As for fluid flow in porous media, T2,
larger than T2, surface. T2,

bulk

is usually ignored because T2, bulk is much

is also neglected when the magnetic field used is deemed

diffusion

to be uniform with a quite small field gradient. Then T2 is mainly dependent on T2, surface,
which is associated with specific surface area of a pore. T2, surface can be expressed as the
following equation (4-2).
1

𝑆

𝑇2, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

= 𝜌( )

(4-2)

𝑉

Where,
ρ is the surface relaxivity (μ m/ms),
S is the pore surface area (μ m2),
and V is the pore volume (μ m3).
S/V can be rewritten as a function of the dimensionless shape factor of a pore, Fs, and
pore throat radius, r (μ m) by the following equation (4-3).
𝑆
𝑉

=

𝐹𝑆

(4-3)

𝑟

Combining equations 4-2 and 4-3, T2, surface can be expressed as the following equation (44).
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1
𝑇2, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

=

1
𝜌𝐹𝑆

𝑟

(4-4)

Surface relaxivity (ρ) and shape factor (Fs) of a given core can be assumed to be constant.
Thus, T2 can be rewritten as equation (4-5).
T2 = Cr

(4-5)

Where,
C = 1/ (ρ Fs), and C is a constant conversion coefficient (ms/μ m).
According to Equation (4-4), 1/(ρ Fs) is introduced to account for the fact that NMR
responds to pore body size. According to equation (4-5), relaxation time T2 can be
converted into pore throat radius r using a constant conversion coefficient C. Thus,
conversion coefficient C that scales relaxation time T2 into average pore throat radius r is
determined by a method mentioned by Saidian and Prasad[75]. Through this method, the
conversion coefficient C of the Bakken formation is calculated to be 2.78 ms/μm.
Fig. 35 illustrates the NMR T2 spectra of CO2 flooding experiment under different CO2
injection pressure. It can be stated that the hydrocarbon in all pores can be mobilized with
the CO2 flooding pressure increase. Note that the reduction of the incremental porosity(y
axis) of the pores with radius larger than 0.3μm is greater than that of pores with radius
small than 0.3μm. Hence, the recovery potential of the former pores is more effective and
larger than the small pore size. With the CO2 injection, the oil existing in the pores with
radius greater than 0.3μm start to diffuse to the surface of the tight matrix gradually.
Also, the towering peak of each CO2 injection pressure variables trend to shift to the left
slightly. The explanation is that the oil in the larger pore size will be recovered firstly
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while the hydrocarbon still remained in the smaller size pores, Thus the T 2 spectra signal
which shows the total residual oil in the pores will drift to the left.
As mentioned above, the weak peak in the right side of the NMR T2 spectra represent the
recovery character of the natural fracture in the core sample. It can be seen that the left
shit phenomenon also occurred during the supercritical flooding process. Also, the peak
values were observed to be increased, especially under the pressure of 3500psi. It
indicated that the oil in the micro pores flows to the fracture. Generally , the fracture
system in the core was deemed as the main fluid flow channel. Before achieving the
miscible phase, the hydrocarbon was storage in the micro pores and keep immoveable.
With the CO2 flooding pressure increase, the miscible phase will be realized and thus the
oil in the micro pores will be diffused out and pushed forward to the void space which is
easy to flow into. The permeability of the natural fractures in the core is larger than that
of other void space, thus the natural fracture has the priority for the oil access, which
mainly contribute to the peak value increase.

75

Initial

0.0060

2500 Psi
2800 Psi

0.0050

Incremental porosity, fraction

3000 Psi
3500 Psi

0.0040

0.0030

0.0020

0.0010

0.0000
0.01

0.10

1.00

10.00

Pore size, μm

100.00

1000.00

10000.00

,

a)

Incremental Porosity(fraction)

0.0030

Initial
2500 Psi
2800 Psi
3000 Psi
3500 Psi

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000
0.001

0.01

0.1

1

10

Pore size, μm

76

100

1000

10000

b)
Figure 35 NMR T2 spectra of exposure experiment under different CO2 injection pressure. a)
core #1, b) core #2. Pressure range:2500psi, 2800psi, 3000psi, 3500psi

The NMR T2 Spectra can provide a lot information of the oil saturation and oil recovery
potential. By extracting and analysis the T2 spectra data, the recovery factor of the core
sample was interpreted and presented in Table 11 and Table 12. The recovery factor in
the micro pores, macro and natural fractures was separated and calculated out
individually. It is clearly indicated that the macro pores and natural fractures dominate
the main recovery porosity for both of the cores . Also, with the pressure increase, the
recovery factor was increase in both micro pores and macro pores and natural fracture
system.
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Table 11 Interpretation of the NMR T2 Spectra, core #1

Initial oil saturation in
the micro core

0.008837

Initial oil saturation in the
macro pores and fracture

Pressure Range, psi
2800
3000

2500

0.081505

3500

Residual oil saturation
in the micro pores,
fraction

0.007730

0.007268

0.007047

0.006248

Recovered oil volume
from the micro pores
by variable injection
pressure

0.001107

0.001568

0.001790

0.002588

Recovery factor in the
micro pore

0.125275

0.177455

0.202541

0.292921

Recovery factor in the
total pore volume

0.013582

0.019239

0.021959

0.031758

Residual oil saturation
in the macro pores
and natural fractures,
fraction

0.071553

0.065547

0.064254

0.042339

Recovered oil volume
from the macro pores
and fractures by
variable injection
pressure

0.063824

0.058279

0.057208

0.036091

Recovery factor in the
macro pore and
fractures

0.121708

0.198015

0.212755

0.503346

Recovery factor in the
total pore volume

0.10853

0.176547

0.189689

0.448775
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Table 12 Interpretation of the NMR T2 Spectra, core #2

Initial oil saturation in
the micro core

0.005187

Initial oil saturation in the
macro pores and fracture

Pressure Range, psi
2800
3000

2500

0.050784

3500

Residual oil saturation
in the micro pores,
fraction

0.004500

0.004238

0.004175

0.003881

Recovered oil volume
from the micro pores
by variable injection
pressure

0.000687

0.000949

0.001012

0.001306

Recovery factor in the
micro pore

0.132392

0.182911

0.195049

0.251765

Recovery factor in the
total pore volume

0.012268

0.016950

0.018075

0.023330

Residual oil saturation
in the macro pores
and natural fractures,
fraction

0.046223

0.044029

0.043873

0.032711

Recovered oil volume
from the macro pores
and fractures by
variable injection
pressure

0.004561

0.006756

0.006911

0.018073

Recovery factor in the
macro pores and
factures

0.089817

0.133028

0.136094

0.355881

Recovery factor in the
total pore volume

0.081494

0.120701

0.123482

0.322902
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Recoveries of oil in different pore size with CO2 injection pressure variation are shown in
Fig. 36. With the injection pressure increase, the recovery potential of the micro pore
followed slowly increase trend. For core #1 (Fig.36(a)), the recovery factor was raised
from 1.3% to 3.2% with the injection pressure increased from 2500psi to 3500psi. Fig.
36(b) shows that the recovery factor from the micro pores was incremental from1.2% to
2.3% with the injection pressure increasing.
While in the macro pores and natural fractures, the recovery potential was observed to
intend to effective augment with the CO2 injection pressure increase. For core #1, the
recovery factor was varied from 10.8% to 44.8% dramatically. For core #2, the recovery
factor was also identified as following an upward trend, which is from 8.9% to 35.6%
with the supercritical CO2 injection pressure increase.
Comparing the recovery potential from the micro pores and macro pores and natural
fractures for both cores, the macro pores and natural fractures were proved to donate
more contribution to the total recovery potential than that from the micro pores. The
explanation may because of the different minimum mixture pressure between the two
phases, the supercritical CO2 and the oil fluid. In the macro pores and fractures with
larger pore size, the MMP is relatively easy to achieve, which means the CO2 phase and
the oil phase are more comfortable to reach the miscible phase, thus the mixed fluid is
easy to recovered. While in the micro pores whose pore throat is pretty small, the
capillary pressure stayed in the high value. Hence the MMP is more difficulty to reach.
Then the miscible phase is hard to achieve and further affect the recovery factor changed
significantly.
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Figure 36 Recovery weigh in different pore size, a)core #1, b) core #2,
pressure range:2500psi, 2800psi, 3000psi, 3500psi.

Fig. 37 represents the recovery potential obtained from the CO2 flooding experiment and
the NMR T2 spectra for both of the cores. Compared with the recovery results between
the flooding experiment and NMR T2 spectra interpretation with carried injection
pressure, the good match was obtain between the two curves, which demonstrated that
the recovery results are reliable and accurate.
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Figure 37 Recovery factor comparison between NMR and flooding experiment, a) core #1, b)
core #2. Pressure range: 2500 psi, 2800 psi, 3000 psi, 3500 psi.
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4-4. Conclusions
Following conclusions can be drawn upon the completion of this study generally:
1) The CO2 was identified as a potential recovery agent and the Supercritical CO2 EOR
method was proposed as the potential recovery technology due to the high recovery
factor obtained in the immiscible and miscible process.
2) With the supercritical CO2 injection pressure increase, the recovery factors get
incremental trend from 8.8% recovery up to 35.6%， and from 10.8% to 44.8% for the
two cores individually. The NMT T2 analysis result also demonstrate the recovery
increment during the injection pressure increasing.
3) The macro pore and natural fracture system were proved to contribute more on the
recovery potential. After reach the miscible phase between the CO2 and oil in the sample,
the hydrocarbon existed in the micro pores start donate the contribution to the recovery
potential.
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4-5. Recommendations for future work
1) In this work, the effect of varied injection pressure was chosen as the primary factor
considered for the CO2 EOR process. Also, some other elements, such as the reservoir
temperature, the salinity, the injection time should be verified on influencing the oil
production.
2) The NMR analysis was conducted to investigate the oil saturation in the ideal case.
Initial water saturation of the core sample should not be ignored in the real case.
3) If possible, the MRI technology should be under consideration for the purpose of fluid
visualization.
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Chapter V
Formation Properties Alteration
5-1. Introduction
The boom of the Bakken formation in North America limited by the effective recovery
method even with the recent advancement of hydraulic fracturing and horizontal drilling
technology utilization

[76]

. Since then, the CO2 flooding method was proposed as the

potential way to increase the recovery factor for the unconventional shale reservoir in the
Bakken formation, especially combined with the advanced Water-Alternating-Gas (CO2WAG) and CO2 Huff and Puff technologies

[77-81]

. Meanwhile, the injection of the

supercritical CO2 into the shale and coal bed methane reservoir would assist the emission
reduction of the greenhouse gas

[82-85]

. However, the Sc-CO2 injection process may

change the mechanical properties such as the Young’s modulus and hardness

[86-87]

.

Meanwhile, the physical nature of the rock such as pore structure and pore size will alter
with the CO2 adsorption
chemical reaction

[88]

[87]

, let alone the mineral components varied mainly due to the

. Therefore, it is critical to investigate and evaluate the properties

alteration of the Bakken shale which is treated with Sc-CO2 injection.
Up to date, many researches had focused on the investigation of the effect of Sc-CO2 to
the shale. Raza et. al[89] examined the shale from Gippslan Basin, Austrilia, and
characterized the shale sealing efficiency as the caprock. They found that several
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chemical reactions between the rock-forming minerals and the brine-Sc-CO2 system
occurred. Busch et al.

[90]

also investigated the shale from Australia and stated that the

geophysical properties, such as the shale porosity, permeability and diffusion nature were
significant affected by the carbonate dissolution behavior by Sc-CO2 adsorption. Qiao et.
al [91] had conducted several lab tests to investigate the mechanical properties alteration of
a low-clay shale which acquired from Sichuan Basin, China. They illustrated that both
the subcritical and supercritical CO2 soaking processes can decrease the rock strength
while enhanced the shale ductility. Lahann et al.

[92]

investigated the variation in pore

structure of the shale treated with Sc-CO2. They identified that the temperature will have
the positive effect on the specific surface area incremental of shale under the Sc-CO2
environment. Xiang et.al [93] studied the structural and chemical properties of the shale by
conducting four types of instrumental analysis after the Sc-CO2 soaking procedure. They
believed that the Sc-CO2 treatment surely reduced the shale strength and altered the
mineral content of the shale. Jiang et al.

[94]

demonstrated the specific surface area and

porosity of the shale samples were changed with the Sc-CO2 treatment, which heavily
rely on the variation of pore structure and permeability caused by the Sc-CO2 adsorption.
To the best of our knowledge, it is very scarce to date for finding the research of the
corrosion effect to the Middle Bakken shale by Sc-CO2 injection, and the pore structure
and strength of shale under Sc-CO2 treatment is not well understood. Therefore, the main
objective of this research was to assess mechanical, physical and mineralogical alteration
of Middle Bakken shale samples exposed to Sc-CO2 under various adsorption durations.
Three types of tests were carried out to evaluate the physical and chemical properties of
the sample flooded by Sc-CO2. The advanced Nano-indentation test was applied to test
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the Young’s Modulus. The low-temperature N2 adsorption test was conducted to analysis
the pore structure and pore size properties. X-ray diffraction (XRD) was utilized to
investigate the mineral content of the samples. This study is significant to the CO2
storage and migration after being injected into reservoir. Chemical reactions among CO2,
water, and minerals change the pore systems thus alter rock petrophysical and
geomechanical properties, which are not only crucial to the storage capacity of reservoirs
but also are vital to the rocks’ ability to trap CO2 over a long geological time. The study
can provide a guideline for storage site or reservoir selection and can be a reference to
predict the evolution of trap capacity. Therefore, necessary measures can be taken to limit
or alleviate possible CO2 seepage.

5-2. Materials and Methods
5-2-1. Sample preparation
The main production unit in Bakken formation was location in the Middle Bakken layer.
In this study, two core plugs with different depth (9848ft & 9850ft) were collected from
the Middle Bakken formation (well NO.: 21298),

in order to conduct the primary

supercritical CO2 flooding test. The schematic diagram of the Sc-CO2 flooding system is
shown in Fig. 38. The core plug covered with sleeve was placed into the core holder, then
the ESCO pump supplied the pressure source to maintain the constant injection pressure
through the core plug. The N2 was applied to maintain the function of the BPR. The
operating temperature was set to 40℃ in order to assure that the CO2 passing through
core holder was in the super-critical phase when the operating pressure was maintained at
1500 psi. The different injection durations were set as 10, 20, 30, and 40 days. In each
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time slot, some chips were sliced from the Sc-CO2 treated core plug for the further
analysis.

Figure 38 The schematic diagram of the Sc-CO2 flooding system.

5-2-2. Properties analysis test
Pieces of the core chips were pretreated for the following properties analysis. The Nanoindentation test was run to study the rock mechanical properties alteration. In this paper,
we applied the TI-700 Ubi1 Nano-mechanical indenter equipped with the fused quartz
calibration plaque to conduct the Nano-indentation tests. To prepare the sample
specimens for the Nano-indentation test, the chosen chips were immersed into the resin
liquid until the resin get solidified under vacuum conditions. The smoothness of the
specimens’ surface is vital for obtaining the accurate results. Since then, the sample
surface was rubbed by different grit size sandpaper, then followed with polishing the
rough surface by diamond polisher under different grain sizes (6, 3, 1 microns). Fig.39(b)
represents the pretreated sample specimens ready for the Nano-indentation test.
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X-ray diffraction (XRD) analysis determines the mineral content of rock samples. This
helps identify rock composition and potential problems with stimulation fluids and
techniques in the Bakken formation. Those series of samples analysis from middle
Bakken under different injection times were performed by using the Rigaku intelligent Xray diffraction (XRD) system with the copper X-ray source. The samples were crushed
by the McCrone Micronising Mill which can rapidly reduce samples size by a unique
vibratory grinding action. The sample particles within the grinding vessel moves with
respect to their neighbors to produce linear contact blows and planar shearing in the
vessel. The samples were milled in to the powder-like status to pass through the 80-mesh
screen for the future XRD analysis. Fig. 39(d) presents the prepared sample powder after
the pretreatments.
The evaluation of surface area, average pore size, pore volume, and pore size distribution
of the analytic samples of powders and other porous solids can be characterized through
studying gas adsorption and desorption behavior. Thus, the low-temperature N2
adsorption tests were conducted and the Quantachrome Autosorb-IQ used for this
purpose. Table 13 illustrates the analysis parameters through the low-temperature N2
adsorption tests. During the test, Samples were degassed at a relatively high temperature
that can efficiently degas and evaporate the moisture from the samples and will not cause
structural change. The evaporates were drawn out by a vacuum pump and condensed in a
cold trap tube immersed in liquid nitrogen. A sample can be considered ready for analysis
when the sample passes degas test of no more than 10 microns Hg per minute. Fig. 39(f)
show the sample powder ready for low-temperature N2 adsorption tests.
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Table 13 Analysis parameters

Sample ID
Weight of sample taken (g)

0.1

Adsorbate

N2

Bath Temperature (K)

77.00

Outgas Temperature (K)

393.15

Outgas Time (hours)

10

P/Po

0.01-0.99

91

Figure 39 Analysis instruments and samples preparation for the miscellaneous test. (a) Nanoindenter; (b) Sample specimens for the Nano-indentation test; (c) X-ray diffraction; (d) Samples
for XRD; (e) Quantachrome Autosorb-IQ; (f) Sample powder for low-temperature N2 adsorption.

92

5-3. Results and discussions
5-3-1. Mechanical property deformation
The mechanical properties alteration during the variable Sc-CO2 injection times is crucial
for the formation evaluation process. Since that, we applied a most advanced equipment,
the Nano-indenter, to measure the Young’s modulus of the samples, which are the main
mechanical properties for the rock. Nanoindentation test is considered as a unique
technique whereby a sharp indenter tip is used to touch the smooth surface of the sample
with a certain mode, then the penetration depth will be recorded along with the applied
load

[95]

. Fig. 40(a) illustrates the typical curve of the indentation test. Generally, the

curve consists of three stages, which are the initial loading stage, medium-term holding
stage and following the unloading stage. For the initial loading stage, since the
penetration depth get increased with the applied load increases. it can be regarded as the
association of elastic and plastic deformation. Whereas at the unloading stage, it was
assumed that the elastic deformation is the only recoverable parameter, which was
applied to conduct the following calculation procedure of the rock mechanical properties.
Fig. 40(b) identified the standard unloading process of the Nano-indentation test.
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(a)

(b)
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Figure 40 Schematic illustration of the Nano-indentation test. a) Typical indentation loaddisplacement curve [96-97]; b）Unloading process [98].

Fig. 41 presents the effect of the Sc-CO2 injection time on the samples’ Young’s modulus
value. It can be observed that the Young’s Modulus tends to decrease gradually with the
injection time increasing. The original sample from the two different depths, 9848ft and
9850ft, had the highest Young’s modulus of 75.9098 GPa and 68.3692 GPa, respectively.
When the samples were flooded in the Sc-CO2 for 10 day, 20 days, 30 days and 40 days,
for the first sample, the Young’s modulus value deducted 2.54% to 73.983 GPa, 10.082%
to 68.2566 GPa, 14.379% to 64.995 GPa, and 15.446% to 64.034 GPa, respectively.
While for the second sample, the Young’s modulus value deducted 2.42% to 68.369 GPa,
10.274% to 61.345 GPa, 13.693% to 59.007 GPa, and 14.429% to 58.504 GPa,
respectively. This may be caused by the Sc-CO2 adsorption behavior. As the samples
adsorb more and more Sc-CO2 through the pore throat, the pore will get swelled, which
contributes to the rock strength decrease. With the Sc-CO2 flooding time increase, the
decline in the strength of the two core samples slacks off, which is mainly due to the
ultra-low permeability of the Middle Bakken sample. By the curves interpreting, after 30
days of Sc-CO2 adsorption, both curves were observed to reach a stable status.
Some researchers obtained the relationship between the Young’s modulus (E) and the
adsorption time for the Sc-CO2 injection to the sample with variable lithological character
[91, 99]

. Based on the previous research, we fitted the data for the two samples with a

Boltzmann sigmoid relationship between the Young’s modulus (E in GPa) and the ScCO2 injection time (t in days) by the curving fitting tool of OriginPro:
𝐸 = 𝟔𝟒. 𝟎𝟎𝟎𝟕 + 𝟏𝟐. 𝟑𝟐𝟗𝟓/(𝟏 + 𝒆

𝒕−𝟏𝟔.𝟗𝟖𝟏𝟖
𝟒.𝟗𝟒𝟐𝟎
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) (Sample Depth: 9848 ft)

(5-1)

𝑬 = 𝟓𝟖. 𝟓𝟒𝟖𝟗 + 𝟏𝟎. 𝟎𝟒𝟑𝟏/(𝟏 + 𝒆

𝒕−𝟏𝟔.𝟎𝟖𝟒𝟎
𝟒.𝟏𝟗𝟎𝟔

) (Sample Depth: 9850 ft)

(5-2)

The R-squares are 0.9981 for the sample at depth of 9848 ft and 0.9996 for the sample at
depth of 9850 ft, which shows the models and the experiment data are fitting very well.
In general, a universal relationship between the Young’s modulus and Sc-CO2 injection
time is organized as following equation:
𝒕−𝒄

𝑬 = 𝒃 + (𝒂 − 𝒃)/(𝟏 + 𝒆 𝒅𝒕 )

(5-3)

where, E is the Young’s modulus, t is the Sc-CO2 injection time. a, b and c are the
constant which can be derived from curve fitting.

Figure 41 Young’s modulus with variable Sc-CO2 injection time. The upper curve is for the
sample with depth at 9848 ft, the lower curve is for the sample with depth at 9850 ft.

5-3-2. Pore structure alteration
The low-temperature N2 adsorption isotherms of the samples with varied Sc-CO2
injection time (0 day, 10 days, 30 days) are shown in Fig. 42. According to the isotherm
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classification from the International Union of Pure and Applied Chemistry(IUPAC)

[100]

,

all the obtained curves are following the Type III Adsorption Isotherm curve. At the
beginning under the extremely low P/Po applied, the pores of the both samples present
micro-pore filling behavior and micro pore volume is related to the adsorption amount.
Then with the relative pressure(P/Po) building up, the isotherm adsorption curve illustrate
that the multi-molecular layer adsorption occurred. At higher P/Po, the fluid is at the
liquid phase and thus the capillary condensation exists. Comparing the isotherm curves
under different Sc-CO2 injection times for the two samples separately, we proposed
several interpretations of the effect on the pore structure. Firstly, with the Sc-CO2
flooding time increases, the adsorption amount trend to increase for the first depth sample
while reversed tendency occurred for the sample at the depth of 9850 ft. Also, the similar
isotherm curve for all time slots means that the pore shape did not vary significantly
during the CO2 injection, and slit pore and cylindrical pore domain the main pore shape.
While the hysteresis loop which illustrated the meso-pore existence, was divided into two
scenarios dramatically. For the samples from the depth at 9848 ft (Fig. 42(a)), the width
of the hysteresis loop gets wider with the Sc-CO2 injection time extension, which means
that after the Sc-CO2 treatment, the presentation of the meso-pore becomes abundant.
Meanwhile, the wideness tendency represents that the other pore type shapes intent to the
silt pore conversion. For the samples from the depth at 9850 ft (Fig. 42(b)), the hysteresis
loop starts to narrow with the Sc-CO2 treatment time increasing, which reservedly
indicated that the percentage of the meso-pore tends to reduce. It is also indicated that
the pore shape tends to be converted to the plate core from the other types of the pore
shape. The plate-shape pores in the Middle Bakken and the slit-shape pores in Upper and
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Lower Bakken is advantageous for the flow of the hydrocarbon due to their excellent
openness. Both the plate pore and slit pore are advantageous for the hydrocarbon flow in
the porous media due to their excellent openness.

a) 9848 ft
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b) 9850 ft
Figure 42 Isotherm curves with different Sc-CO2 injection time. a) sample at depth of 9848 ft, b)
sample at depth of 9850 ft.

The Brunauer-Emmett-Teller (BET) method[101] was applied to characterize the surface
area change during the varied Sc-CO2 treatment period. The BET equation is:
𝟏

𝟏

𝑷
𝑾(( 𝒐 )−𝟏)
𝑷

=𝑾

𝒎𝑪

𝑪−𝟏

+𝑾

𝑷

( )

𝒎 𝑪 𝑷𝒐

(5-4)

In order to acquire the surface area, two main parameters were required. The slope, which
is,
𝑪−𝟏

𝒔=𝑾

(5-5)

𝒎𝑪

and the intercept, which is,
𝟏

𝒊=𝑾

(5-6)

𝒎𝑪
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Combining the equation (5-5) and (5-6), we have
𝟏

𝑾𝒎 = 𝒔+𝒊

(5-7)

Then the BET surface area can be calculated as:
𝑺𝒕 =

𝑾𝒎 𝑵 𝑨𝒄𝒔
𝑴

(5-8)

Where:
N : Avogadro's number (6.0221415 × 1023 molecules/mol);
Wm: weight of adsorbate constituting a monolayer of surface coverage;
Acs: molecular cross section of the adsorbate molecule, (16.2 Å2 for N2 at 77 K) ;
M: molar mass (molecular weight) of the adsorbate N2 gas (28.0123).
Fig. 43 clearly demonstrates the parameters acquired for the surface area calculation. It is
obviously showed that the slope gets increase with the Sc-CO2 treatment time increasing.
Furthermore, the surface of the sample after the CO2 treatment tend to decrease with the
flooding time increasing. Table 14 lists the detailed surface area alteration corresponding
to the varied Sc-CO2 injection time. For the test sample from the depth of 9848 ft, the
surface area was 5.595 m2/g initially, while decreases to 5.238 m2/g for the 10 days’
treatment, then to 4.055 m2/g as the Sc-CO2 flooding time up to 30 days. For the test
sample from the depth of 9850 ft, the surface area value deducted 27.04% to 4.998 m 2/g
for 10 days treatment, and 43.58% deduction to 3.865 m2/g with the 30 days’ Sc-CO2
injection. The main reason for the surface area deduction gradually with the Sc-CO2
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flooding time increment may due to the corrosive property of dissolved CO2. The
acidizing behavior to some minerals will connect some micro pore to the meso-pore type.

a) 9848 ft

b) 9850 ft
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Figure 43 BET plot of 1/W (P0 / P - l) versus P/P0
Table 14 Surface area vs. various Sc-CO2 injection time.
Sample ID
9848 ft

9850 ft

Time,

Surface area,

Deduction

Surface area,

Deduction

day

m2/g

Per., %

m2/g

Per., %

0

5.595

-

6.85

-

10

5.238

6.38%

4.998

27.04%

30

4.055

27.52%

3.865

43.58%

The pore size distribution (PSD) was analyzed for the samples with different Sc-CO2
flooding times. In this paper, based on the Density Functional Theory (DFT), the
adsorption branch of the isotherm curve was chosen for the PSD analysis. Fig. 6 represent
the PSD vibration corresponding to the Sc-CO2 flooding time variation. It was observed
that the PSD curves of all samples present the multimodal characteristic. Several
observations were obtained through the comparison of the PSD curve via time duration.
The Sc-CO2 injection mainly affect the meso-pore volume rather than the micro and
macro pore. The PSD vibration mostly located at the meso-pore zone, where the pore
diameter is from 10 nm to 50 nm roughly.
The Sc-CO2 flooding time variation have the significant effect on the meso-pore size
distribution. Fig. 44(a) illustrates that with the Sc-CO2 injection time increases, the
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percentage of the meso-pore accrescent. While for the samples from the depth of 9850 ft
(Fig. 44(b)), the increment of the injection time demonstrated a negative effect on the
meso-pore size distribution.

a) 9848 ft
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b) 9850 ft
Figure 44 PSD with Sc-CO2 injection time variation. a) sample at depth of 9848 ft; b) sample at
depth of 9850 ft.

In order to prove that the pore structures of the shale samples changed after the injection.
Some SEM images were taken before and after the injection. Fig. 45 shows some images.
We can clear see some pores appeared after the CO2 injection (Fig. 45b, d) compared
with the images before the injection (Fig. 45a, b)

a) Before
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Pores

(b) After

c) Before
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Pores

(d) After
Figure 45 The SEM images of the sample before and after the CO2 injection (a, b shows the
images of Sample 1 while c, d denotes the images for Sample 2).

5-3-3. Mineralogical alterations
The whole rock XRD analysis was applied to detect the composition of the initial and ScCO2 treated samples individually. We assume that the samples hold the similar mineral
components since the chips were sliced from the same core plug and then powdered.
Table 15 presents the constituent alteration with the varied Sc-CO2 exposure duration.
From the list, the major mineral components are quartz, with around 50% and 30%
respectively. Dolomite and K-Feldspar also account for a large proportion for the samples
from the depth at 9848 ft, which weighing 21% and 13.6% individually. While for the
samples from the depth at 9850 ft, the following minerals, analbite and calcite, weigh
heavily on the mineral constituent. Minor amounts of other clays were observed in the
samples. Comparing two different depth samples, we note that the sample at the depth of
9848 ft has the extra muscovite component with a proportion of 6.5% initially.
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As shown in Fig. 46, the mineral compositions tend to change due to the varied Sc-CO2
adsorption duration treatment. the concentrations of some certain type of minerals, such
as K-Feldspar, calcite, dolomite and clay, start to decrease with the Sc-CO2 flooding time
increasing. While the quartz content gets increased with the duration extension, mainly
due to the weigh portion of other minerals decrease and some amount of transformation
from other components. Another characteristic phenomenon is that the percentage of
muscovite get increase dramatically with the Sc-CO2 flooding time increasing. It was
believed that the generation of muscovite occurred during the solid-liquid contact process.
The mineral components alteration was supported by the chemical reaction between the
contents and the carbonic acid. When the Sc-CO2 is dissolved into the water in the pore,
the weaken carbonic acid will generate and then start to react with some minerals, then
alternate the weight proportion in the sample. A series of chemical reaction between the
minerals and carbonic acid were initiated and mainly included as following:
CO2 (aq) + H2O ↔ H2CO3 ↔ H+ + HCO32NaAlSi3O8 + H2CO3 → Na2CO3 + 2HAlSi3O8
CaCO3 + H2CO3 ↔ Ca2+ + 2HCO3CaxMg1-xCO3 + H2CO3 ↔ xCa2++(1-x)Mg2+ +2HCO3-

(5-9)
(5-10)
(5-11)
(5-12)

3K[AlSi3O8](s) + 2H2CO3 + 12H2O ↔ K+ +2HCO3- +6H4[SiO4]
+KAl2[OH]2/AlSi3O10](s)

(5-13)
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Table 15 Mineral content vs. the varied Sc-CO2 flooding time.
Sample

Treatment

ID

Time (day)

Mineral content (％)

Quartz

Analbite

Calcite

Dolomite

Muscovite

Clay

0

29.21

40.4

24.2

4.9

-

1.29

10

30.93

39.7

24

4.41

-

0.96

20

32.11

39.5

23.8

3.96

-

0.63

30

33.13

39.4

23.7

3.5

-

0.27

0

47.85

13.6

6.5

21

6.5

4.55

10

49.96

12.4

6.1

20.3

7.2

4.04

20

52.03

11.3

5.6

19.6

7.7

3.77

30

54.51

9.9

5.1

18.8

8.3

3.39

9850

9848

60.00%

#1 Quartz
#2 KFeldspar
#3 Calcite
#4 Dolomite

50.00%

Constituent

40.00%
30.00%
20.00%
10.00%
0.00%
1

2

3
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4

5

6

a) 9848 ft
45.00%

#1 Quartz
#2 Analbite
#3 Calcite
#4 Dolomite
#5 Clay

40.00%
35.00%

Constituent

30.00%
25.00%

20.00%
15.00%
10.00%
5.00%
0.00%
1

2

3

4

5

b) 9850 ft
Figure 46 Mineral content alteration with varied Sc-CO2 injection time.

5-4. Conclusions
In this paper, the mechanical, pore structure and mineralogical alternation that occur in
the Middle Bakken sample injected with Sc-CO2 were investigated and analyzed. A
series of test including Nano-indentation test, low-temperature N2 adsorption test and
whole rock XRD analysis were conducted to evaluate the properties change of the
samples with varied Sc-CO2 injection duration. Some conclusions were drawn as follows:
1. The Nano-indentation test illustrated that the Young’s modulus of the samples intends
to decrease gradually with the injection time incremental. The Sc-CO2 adsorption
behavior was noted as the main reason for the pore swelling. which contributes to the
rock strength decrease. Also, a universal relation between the Young’s modulus and the
Sc-CO2 injection time was proposed.
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2. Low-temperature N2 adsorption results showed that Sc-CO2 treatment affects the
meso-pore volume efficiently rather than the micro and macro pore. and the PSD results
also give out the evidence of the dominating meso-pore alteration. The surface area of the
samples with the varied Sc-CO2 treatment was observed as tending to deduct with the ScCO2 treatment time increasing.
3. The whole rock XRD analysis revealed that the mineral components of the sample
except quartz and muscovite were decreasing corresponding to the Sc-CO2 flooding
duration increasing. The chemical reaction between the minerals and carbonic acid
explained the mineralogical alteration of the samples.
This fundamental research investigated the effect of Sc-CO2 injection process to the shale
formation from the aspect of geomechanical variation, geophysical alteration and
geochemical vibration, and would provide the guides for the CO2 injection to the tight
shale formation and the CO2 storage process.
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